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(57) ABSTRACT 

An Advanced Laser Fluorometer (ALF) can combine spec-
trally and temporally resolved measurements of laser-stimu-
lated emission (LSE) for characterization of dissolved and 
particulate matter, including fluorescence constituents, in liq-
uids. Spectral deconvolution (SDC) analysis of LSE spectral 
measurements can accurately retrieve information about indi-
vidual fluorescent bands, such as can be attributed to chloro-
phyll-a (Chl-a), phycobiliprotein (PBP) pigments, or chro-
mophoric dissolved organic matter (CDOM), among others. 
Improved physiological assessments of photosynthesizing 
organisms can use SDC analysis and temporal LSE measure-
ments to assess variable fluorescence corrected for SDC-
retrieved background fluorescence. Fluorescence assess-
ments of Chl-a concentration based on LSE spectral 
measurements can be improved using photo-physiological 
information from temporal measurements. Quantitative 
assessments of PBP pigments, CDOM, and other fluorescent 
constituents, as well as basic structural characterizations of 
photosynthesizing populations, can be performed using SDC 
analysis of LSE spectral measurements. 
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BACKGROUND 

Fluorescence analysis of natural aquatic environments, 
such as including oceanic, estuarine, or fresh waters, can be 
based on measurements of water emission, such as in 
response to a laser, LED, Xenon flashtube, or other sources of 
fluorescence excitation. Fluorescence analysis can be used to 
retrieve information about the fluorescent constituents in a 
water body or sample. For example, in vivo fluorescence of 
chlorophyll-a (Chl-a) and accessory phycobiliprotein (PBP) 
pigments can be broadly used as an index of phytoplankton 
biomass, and can provide useful information for structural or 
photo-physiological characterization of mixed algal popula-
tions. A broadband chromophoric dissolved organic matter 
(CDOM) fluorescence emission can be used to assess CDOM 
abundance, or to assess qualitative characteristics of CDOM. 

There can be significant spectral complexity of the actively 
stimulated emission of natural waters. This can be due to an 
overlap between water Raman (WR) scattering and the fluo-
rescence bands of aquatic constituents. Most commercially 
available field fluorometers use spectrally broad excitation 
sources and relatively narrow band emission detection, and 
often do not provide adequate spectral resolution to ensure 
reliable assessment of fluorescent constituents in spectrally 
complex natural waters. 

Spectral measurements of water emission can be per-
formed, such as using a plurality of light excitation sources, 
wherein at least one excitation source can have a wavelength 
that is different from other sources. Fluorescence and absor-
bance characteristics, such as over a plurality of wavelengths, 
can be detected. Hull et al., in U.S. Pat. No. 7,209,223, 
entitled OPTICAL DEVICE FOR MEASURING OPTICAL 
PROPERTIES OF A SAMPLE AND METHOD RELATING 
THERETO, refers to detecting a continuous, broadband spec-
trum of emission wavelengths, and a signal interpretation 
system to interpret a continuous fluorescence emission spec-
trum. Kolber et al., in U.S. Pat. No. 6,121,053, entitled MUL- 

2 
TIPLE PROTOCOL FLUOROMETER AND METHOD, 
refers to measuring spectrally-resolved variable fluorescence 
components, among other functional and optical characteris-
tics of phytoplankton and other plants. 

5 	Temporally-resolved measurements of water emission can 
be performed, such as using a light source, a cut-off filter, and 
photo-detector. Schrieber et al., in U.S. Pat. No. 4,084,905, 
entitled APPARATUS FOR DETECTING AND MEASUR-
ING FLUORESCENCE EMISSION, refers to detecting and 

io measuring a time course of fluorescence, including using an 
initial fluorescence yield to measure chlorophyll concentra-
tions. 

15 	
OVERVIEW 

Advanced laser fluorometry can provide spectral deconvo-
lution (SDC) analysis of laser-stimulated emission (LSE) of a 
liquid which includes dissolved and particulate matter. In an 

20  example, the liquid can include a natural water sample includ-
ing fluorescent constituents. Laser excitation, such as at 405 
or 532 mu, can be used for assessment of chlorophyll-a, 
phycoerythrin, and chromophoric dissolved organic matter 
(CDOM), among other liquid or aquatic constituents. The 

25 Advanced Laser Fluorometer (ALF) instrument can obtain 
spectrally-resolved measurements of LSE from a water 
sample and temporally-resolved measurements of LSE 
induction from the same water sample. The ALF can be used 
to compute a characteristic of one or more fluorescent sub- 

30 stances in the water sample, such as a quantitative or physi-
ological characteristic. In an example, computing a charac-
teristic of a fluorescent substance can include using 
information from one of the spectrally-resolved or tempo-
rally-resolved measurements to adjust the other of the spec- 

35 trally-resolved or temporally-resolved measurement. 
Active fluorescence analysis of natural aquatic environ-

ments, such as including oceanic, estuarine, or fresh waters, 
can be based on measurements of LSE from water, such as to 
retrieve qualitative and quantitative information about the 

40 in-situ fluorescent constituents. For example, in vivo fluores-
cence of Chl-a and PBP pigments can be used as an index of 
phytoplankton biomass and can provide useful information 
for structural or photo-physiological characterization of 
mixed algal populations. A broadband CDOM fluorescence 

45 emission can be used for assessment of CDOM abundance 
and its qualitative characterization. 

There can be significant spectral complexity of the actively 
excited emission of liquids. In an example including a water 
volume, the spectral complexity can be due to overlap 

5o between water Raman (WR) scattering and the fluorescence 
bands associated with various aquatic constituents. Not 
accounting for the spectral complexity can lead to severe 
problems in interpreting fluorescence measurements, and can 
compromise the accuracy of the fluorescence assessments. To 

55 address this issue, one approach can be (i) to use blue and 
green narrow-band laser excitation to selectively stimulate 
the constituent fluorescence and simplify the overlapped 
spectral patterns, (ii) to conduct broadband spectral measure-
ments of laser-stimulated emission (LSE), and (iii) to use 

60 spectral deconvolution analysis of the LSE signatures to 
retrieve information about the aquatic fluorescent constitu-
ents from their overlapped spectral patterns. Some of these 
principles, such as multi-wavelength LSE excitation or 
broadband spectral detection, can be implemented, such as in 

65 shipboard or airborne laser fluoro sensors. Nonetheless, most 
commercially available field fluorometers use spectrally 
broad fluorescence excitation, and do not provide adequate 
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spectral resolution to ensure reliable assessment of the fluo-
rescent constituents in spectrally complex natural waters. 

The present inventor has recognized, among other things, 
that a problem to be solved can include improving the accu-
racy of analysis of fluorescent constituents in liquids using 
spectrally-resolved or temporally-resolved active fluores-
cence measurements of liquids, such as to provide a quanti-
tative or qualitative assessment of liquid constituents or their 
physiological status. In an example, the present subject mat-
ter can provide a solution to this problem, such as using 
advanced laser fluorometry methods and measurement tech-
niques embodied in a new field instrument, the Advanced 
Laser Fluorometer (ALF). The ALF instrument can be 
capable of fast, broadband, flow-through LSE spectral mea-
surements or photo-physiological assessments of phy-
toplankton. An analytical technique, spectral deconvolution 
(SDC) has been developed and integrated with the ALF 
instrument. The SDC technique can allow for real-time 
assessments or characterization of key liquid constituents, 
such as CDOM, Chl-a, or PBP pigments, among others. Such 
real-time assessments or characterization can be carried out 
in a broad range of environments, including natural aquatic 
environments. The SDC analysis can be integrated with mea-
surements of variable fluorescence, F J_, corrected for the 
SDC-retrieved non-chlorophyll background fluorescence, 
B, ,o, to improve photo-physiological assessments of photo-
synthesizing microorganisms. 

The ALF instrument can be a portable instrument that can 
provide underway flow-through measurements or discrete 
sample analysis, such as in one or more various shipboard or 
stationary settings (see, e.g., FIGS. lA and 113). ALF deploy-
ments in diverse water types, such as in the Atlantic or Pacific 
Oceans, Chesapeake, Del. or Monterey Bays, or in a number 
of estuaries and rivers, revealed significant spectral complex-
ity of natural waters, which can be analyzed using the broad-
band SDC analysis described herein. For example, ALF 
deployments in the Atlantic and Pacific Oceans, Chesapeake, 
Del. and Monterey Bays revealed significant spectral com-
plexity of LSE. Considerable variability in chlorophyll-a 
fluorescence peak, 673-685 mu, was detected. High correla-
tion (R2-0.93) was observed in diverse water types between 
chlorophyll-a concentration and fluorescence normalized to 
water Raman scattering. Four unidentified red bands, peaking 
at 615, 625, 644 and 662 mu, were detected in the LSE excited 
at 405 mu. Significant variability in the B, ,o/chlorophyll-a 
ratio was observed in diverse waters. Examples of the ALF 
spectral correction of F J_, underway shipboard measure-
ments of horizontal variability, and vertical distributions 
compiled from the discrete samples analyses are presented. 
The field deployments have demonstrated the utility of the 
ALF technique as an integrated tool for research and obser-
vations. 

The SDC analytical technique described herein was devel-
oped at least in part on the basis of laboratory and field 
measurements. These can be used to retrieve from the LSE 
signatures the individual spectral bands of liquid constituents 
for their qualitative and quantitative assessment, and can pro-
vide for spectral correction of the variable fluorescence mea-
surements integrated with the SDC retrievals. Initial experi-
mental field measurements have demonstrated the utility of 
the ALF/SDC analytical suite as an informative integrated 
tool for research and bioenvironmental monitoring. 

This overview is intended to provide an overview of subject 
matter of the present patent application. It is not intended to 
provide an exclusive or exhaustive explanation of the inven-
tion. The detailed description is included to provide further 
information about the present patent application. 

4 
BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings, which are not necessarily drawn to scale, 
like numerals may describe similar components in different 

5  views. Like numerals having different letter suffixes may 
represent different instances of similar components. The 
drawings illustrate generally, by way of example, but not by 
way of limitation, various embodiments discussed in the 
present document. 

l0 	FIG. lA illustrates generally the Advanced Laser Fluorom- 
eter (ALF) configured for the laboratory sample analysis. 

FIG. 1B illustrates generally the Advance Laser Fluorom-
eter (ALF) configured for flow-through underway measure- 

15  ments onboard a motorboat. 
FIG. 2 illustrates generally a block diagram of the ALF 

instrument. 
FIG. 3 illustrates generally a possible design of the ALF 

sampling system. 
20 	FIG. 4A illustrates generally the basic spectral components 

used for spectral deconvolution of the LSE signatures of 
natural waters measured with blue laser excitation. 

FIG. 4B illustrates generally the basic spectral components 
used for spectral deconvolution of the LSE signatures of 

25  natural waters measured with green laser excitation. 
FIGS. 5A, 513, 5C, 5D, 5E, and 5F illustrate generally 

variability in the LSE" spectra measured in diverse water 
types with blue laser excitation. 

FIGS. 6A, 613, 6C, 6D, 6E, and 6F illustrate generally 
30  variability in the LSE9  spectra measured in diverse surface 

waters with green laser excitation. 
FIG. 7A illustrates generally a correlation between the 

SDC retrievals of the IChZa R ~ 
fluorescence parameter and the 

35  HPLC measurements of total Chl-a conducted in the Middle 
Atlantic Bight, Chesapeake and Delaware Bays, and in the 
Sough Slough estuary (Oregon) and York River (Va.). 

FIG. 7B illustrates generally a correlation between the 

11DOM1Bv and 1cnom,,g  parameters of CDOM fluorescence 
40 measured with blue and green laser excitation, respectively, 

in the Delaware Bay and adjacent coastal and offshore areas 
of the Middle Atlantic Bight. 

FIGS. 8A, 813, 8C, and 8D illustrate generally correlations 
between the group-specific PE spectral indices retrieved by 

45 the SDC LSE analysis using the ALF and independent HPLC 
measurements of alloxanthin and zeaxanthin, the carotenoid 
biomarkers for the cryptophytes and cyanobacteria, respec-
tively. 

FIG. 9A illustrates generally an example of SDC retrievals 
50 of I vcrchta ~ the ratio of the non-Chl-a background emission to 

the actual intensity of Chl-a fluorescence in the LSE" spec-
trum, at eight stations in the Delaware River. 

FIG. 9B illustrates generally fluorescence induction, FPDp  

55 (t), measured by the ALF instrument at station 4. 
FIG. 9C illustrates generally background emission sub-

traction from measured induction curves. 
FIGS. 10A and 10B illustrate an example of the shipboard 

underway ALF measurements. 
60 	FIGS. 11A and 11B illustrate generally examples of verti- 

cal profiles of fluorescence parameters in the euphotic layer 
retrieved from the ALF sample measurements. 

FIGS. 12A and 12B illustrate generally examples of 
improving the accuracy of in vivo spectral fluorescence 

65 assessments of Chl-a concentration using photo-physiologi-
cal data on variable fluorescence retrieved from temporal 
measurements of fluorescence induction. 
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6 
FIG. 13 illustrates generally an example that can include 

	
Chl-a fluorescence induction, can be stimulated with 200 µs 

using information from a spectrally-resolved measurement to 
	

PDP flashes of a 405 nm laser, which can be TTL-modulated 
improve an assessment based on a temporally-resolved mea- 	such as at a 5 Hz repetition rate. The laser can be appropriately 
surement. 	 focused in a water sample such as to ensure the Chl-a fluo- 

FIG. 14 illustrates generally an example that can include 5 rescence induction occurs over a single-turnover, i.e., sub- 
using information from a temporally-resolved measurement 

	
100 µs time scale. A sample flow rate such as 100 ml/min can 

to improve an assessment based on a spectrally-resolved mea- 
	help to promote or ensure assaying the low-light adapted 

surement. 	 phytoplankton cells with individual PDP laser flashes. In an 
FIG. 15 illustrates generally an example that can include 	example, a sensor for temporally-resolved measurements can 

obtaining a concentration of an aquatic constituent. 	io include an LSE-collection system, such as a lens L2 245 (e.g., 
X25 mm; 25 mm diam.), a band-pass interference filter F3 

DETAILED DESCRIPTION 
	

247 (e.g., 685.0-10-75, Intor), and a photomultiplier sensor, 
PMT 234 (e.g., H7710-02, Hamamatsu), and a waveform 

This document describes, among other things, an 
	

digitizer 235 such as a 20 MHz 12 bit oscilloscope USB board 
Advanced Laser Fluorometer (ALF) that can combine spec-  15 (e.g., 3224, Pico Technology). In an example, the waveform 
trally and temporally resolved measurements of laser-stimu- 	digitizer 235 can include a second measurement circuit that 
lated emission (LSE) such as for characterization of dissolved 

	
can be configured to obtain temporally-resolved measure- 

and particulate matter, including fluorescence constituents, in 	ments of LSE. 
liquids. Spectral deconvolution (SDC) analysis of LSE spec- 	FIG. 3 illustrates a diagram of an example of an ALF 
tral measurements can accurately retrieve information about 20 sampling system. In an example, the ALF sampling system 
individual fluorescent bands, such as can be attributed to 	can be used to provide flow-through measurements, such as 
chlorophyll-a (Chl-a), phycobiliprotein (PBP) pigments, or 	using both external (e.g., from a shipboard water sampling 
chromophoric dissolved organic matter (CDOM), among 	system to conduct the underway measurements) and internal 
others. Improved physiological assessments of photosynthe- 	(e.g., for discrete sample analysis) pumping of the analyzed 
sizing organisms can use SDC analysis and temporal LSE 25 water through the measurement cell. In an example, three 
measurements to assess variable fluorescence corrected for 	auto-locking water connectors, such as In 361, Out1362, and 
SDC-retrieved background fluorescence. Fluorescence 

	
Out2 363 (e.g., PLCD16004135, Colder Products), can pro- 

assessments of Chl-a concentration based on LSE spectral 
	

vide inflow and outflow of the sampled water such as via 
measurements can be improved using photo-physiological 

	
tubes, such as silicone tubes (e.g., Nalgene 8060-0030) (see, 

information from temporal measurements. Quantitative 30 for example, FIG. 1B at 104, 105, 124, 125). During under- 
assessments of PBP pigments, CDOM, and other fluorescent 	way measurements, such as using an underway measurement 
constituents, as well as basic structural characterizations of 

	
device 130 coupled to a boat 128, water flow, supplied by the 

photosynthesizing populations, can be performed using SDC 
	

shipboard sampling pump 221, can pass through the input 
analysis of LSE spectral measurements. 	 water connector, such as In 361, into the bottom of a mea- 
Examples of Materials and Procedures 	 35 surement cell MC 250. After measurements have been taken, 
Advanced Laser Fluorometer 	 the water can pass to the discharge connector, such as Outl 

FIG. 2 illustrates a diagram of an example of an ALF 
	

362, such as via a radiator 364 (e.g., HWLabs) with a fan for 
instrument configuration. Emission of a violet or blue laser 

	
heat removal from the sealed instrument case. An external 

211 (e.g., 50 mW at 405 nm; Power Technology) or green 	sampling pump, such as a battery-operated peristaltic pump 
laser 212 (e.g., 50 mW at 532 mu; World Star Tech) can be 40 121 (e.g., MasterFlex 07571-00, Cole-Parmer; see FIG. 113), 
alternatively directed, such as via steering mirrors Ml 240, 	can be used for the ALF deployments on small boats. In an 
and M2 241, in a water sample, such as can be pumped 

	
example, an ALF instrument can be used for flow-through 

through a glass measurement cell MC 250 (e.g., RF-1010-f, 	underway shipboard measurements, monitoring at a station- 
Spectrocell). In an example, dichroic mirrors, M3 242 and 

	
ary setting (e.g., docks, piers, platforms, etc.) or for discrete 

M4 243, (e.g., 430ASP and 505ALP, Omega Optical) can be 45 sample analyses. In the latter case, a sample bottle can be 
used to reflect laser beams back to the measurement cell MC 

	
connected to the input water connector In 361 (see, e.g., FIG. 

250, such as to increase the signal intensity. The LSE can be 
	

3). An instrument pump, such as a miniature diaphragm pump 
collected, such as with a lens L1244 (e.g., X25 mm; 25 mm 

	
(e.g., NF I I KPDC, KNF Neuberger) inside the ALF instru- 

diam.). The collected LSE can be directed through a collimat- 	ment, can provide water flow, such as through a measurement 
ing lens and 0.6 mm optical fiber to an input slit of a spec-  50 cell MC 250, to the sample discharge connector, Out2 363. 
trometer 210 (e.g., BTCI I L B&WTek, Inc.) that can be 

	
The water can be drained to the sink or returned back to the 

configured to measure the LSE spectrum, such as in the 	sample bottle for sample circulation. A sample bottle 103, 
380-808 nm range (e.g., 2048 pixels). In an example, the 	such as a dark glass bottle of 100-500 ml (e.g., 141-0500, 
spectrometer 210 can include a first measurement circuit, 	I-Chem), can be used for the measurements. 
such as can be configured to obtain a spectral measurement of 55 	A multifunction USB controllerboard233(e.g.,U12,Lab- 
LSE. In an example, the spectrometer 210 can include a 

	
Jack, see FIG. 2) can be used to control and interface several 

second measurement circuit, such as can be configured to 
	

instrument components. The lasers 211, 212 and the pump 
obtain a temporal measurement of LSE induction. 	 221 can be controlled via outputs of the USB controller board 

In an example, long-pass and notch filters Fl and F2 246 
	

233; a relay power switch 236 (e.g., 70M-ODC5, Grayhill), 
(e.g., 420ALP, Omega Optical, and RNF-532.0, CVI Laser) 60 controlled via outputs of the USB controller 233, can also be 
can serve to reduce laser-induced elastic scattering in the 	used to switch the pump 221 on or off. The PMT 234 gain can 
analyzed LSE spectra. To conduct temporally-resolved mea- 	be controlled via the USB controller board 233. Additional 
surements of emission from the analyzed water, one or more 	sensors, such as a temperature sensor (e.g., E11022, Lab7ack) 
laser flashes can be used to stimulate the sample. Emission 	to monitor the temperature inside the instrument case, can be 
can be measured using light collection and filtration optics, a 65 connected to the inputs of USB controller board 233. An 
photosensor, and a waveform digitizer. In an example, tem- 	external or internal computer, Comp 101, such as a rugged 
poral pump-during-probe (PDP) measurements, such as of 

	
notebook computer (e.g., Toughbook 52, Panasonic) can 
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communicate with the USB controller board 233, the spec-
trometer 210, and the digitizer 235, such as via a USB cable 
and a USB hub 232, such as internal to theALF instrument. In 
an example, Comp 101 can include a processor circuit, such 
as can be coupled to the first or second measurement circuits. 5  
In an example, the processor circuit can be configured to 
compute or record characteristics of fluorescent constituents 
in a water sample using information from the first or second 
measurement circuits. 

A compact GPS system 231 (e.g., 76S with GA 29 antenna, 10 

Garmin) can be communicatively coupled to the Comp 101, 
and can be configured for use during shipboard underway 
measurements, such as to provide time or location informa-
tion that can be saved along with recorded measurement data. 15  
In an example, the ALF instrument components can be pow-
ered using 14-19 VDC power can be provided by either an 
internal or external AC adapter or rechargeable battery. For 
example, a 160 VAH battery (e.g., PowerPad, 160 Electro-
vaya), enclosed with the ALF instrument in, for example, a 20 

waterproof Pelican case, can be used for approximately 4.5 
hours of measurements on small boats (see FIG. 113) or in 
stationary settings (see FIG. lA). 

In an example, ALF operational software canbe configured 
to use the LabView instrument control package from National 25 
Instruments, among other instrument control packages. Each 
measurement cycle can include three sequent sub-cycles, 
such as to measure (i) the LSE" spectrum with a blue or violet 
(e.g., 405 mu) excitation, (ii) the LSEg spectrum with a green 
(e.g., 532 mu) excitation, and (iii) the fluorescence induction 30 
stimulated at 405 mu. (The superscripts "v" and "g" here and 
below stand for the violetiblue and green excitation, respec-
tively). In an example, an operator can preset the LSE spectral 
integration time (typically, 0.3 to 3 s), the PMT gain, the 
duration of the PDP actinic flashes and their repetition rate, 35 
and the number of acquisitions (e.g., 5-25), such as to average 
the fluorescence induction, such as to optimize the volume 
sampled during the measurement, as well as the spectral S/N 
ratio. The duration of the ALF measurement cycle can vary, 
such as in a 5-25 second range. The measurement parameters 40 
can be automatically adjusted with regard to the signal vari-
ability; the SDC and PDP data can be analyzed and displayed 
in real time (along with the GPS data during the shipboard 
measurements), and stored on the computer along with GPS 
data and screen captures that can be useful for documentation 45 
or data analysis. The discrete sample measurement can begin 
with an automatic filling of the measurement cell MC 250 
with sampled water using the ALF pump 221. The measure-
ment cell MC 250 can be monitored via the time course of 
CDOM and Chl-a fluorescence. In an example, a particular 50 
sample measurement can include 5 to 15 measurement 
cycles. 
Spectral Deconvolution Components 

SDC analyses of the ALF LSE spectral measurements can 
be based on linear amplitude scaling of discrete spectral com- 55 
ponents attributable to fluorescent constituents in a liquid 
sample. The liquid sample can include natural waters, 
acetone, or methanol, among other substances. The SDC 
analyses can be used to provide a best fit of the spectrum 
resulting from the summation of discrete spectral compo- 60 
nents to the LSE signature in the selected spectral range. In an 
example, a set of the SDC spectral components, {E(X)}, can 
be derived from LSE spectra measured in laboratory and field 
conditions and corrected for a spectrometer spectral sensitiv-
ity. PeakFit software (e.g., from SeaSolve Software, Inc.) can 65 
be used for implementing LSE spectral deconvolution to 
retrieve analytical approximations of the basic spectral com- 

8 
ponents, such as using the Pearson's IV functions) to 
describe the asymmetrical spectral shape of the constituent 
emission bands: 
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where ao, a,, az, a3 , and  a4  are parameters that represent the 
amplitude, center, width, shape,, and shape z, respectively, of 
the Pearson's IV band. 

In an example, 15 basic, discrete spectral components (see, 
e.g., FIGS. 4A, 413, and Table 1) can be included in the SDC 
procedure, such as to account for the LSE spectral variability 
observed in the field. In an example, the The F,`9  and E,`9  
SDC components, such as representing the elastic and Raman 
scattering, such as water Raman (WR) scattering, can be 
retrieved from the ALF LSE measurements of a water sample 
with analytical parameterization of their respective spectral 
bands, such as using the PeakFit software. In an example, the 
WR scattering can be approximated using several Pearson's 
IV components to account for its complex spectral shape. In 
an example, the CDOM fluorescence components can be 
extracted from the LSE spectra of water samples from the 
Delaware River, filtered via 0.2 µm filters (e.g. Supor brand) 
to remove the particulate matter. In an example, the Raman 
and elastic scattering components can be appropriately scaled 
and digitally subtracted from the LSE" and LSEg signatures of 
the filtrates to parameterize the residual CDOM fluorescence 
spectra. 

In an example, a set of the LSE signatures of laboratory-
grown cultures of phytoplankton and cyanobacteria can be 
analyzed such as to derive several spectral components that 
can describe spectral variability in the phycoerythrin (PE) and 
Chl-a fluorescence observed in the field measurements (see, 
e.g., FIGS. 5A-5F, and 6A-6F, and the relevant discussion in 
the Assessment portion of this document). Such cultures can 
be maintained, for example, in Ll media and diluted to con-
centrations close to those occurring in natural waters. In an 
example, the E C2  and EC2  SDC components (X_ 679 and 
693 nm, respectively) can be retrieved from the LSE" spec-
trum of the red-tide dinoflagellate Alexandrium Monilatum 
via digital subtraction of the CDOM background fluores-
cence and by a PeakFit SDC analysis and parameterization of 
the residual. In an example, SDC analysis of the LSE spectra 
measured in diverse water types can show that these compo-
nents can be used to describe most of the spectral variability 
in the 680-685 mn range, where the Chl-a fluorescence peak 
is typically located. Nonetheless, several ALF field deploy-
ments during the dinoflagellate blooms have indicated sig-
nificant short-wavelength shifts in the Chl-a fluorescence 
peak that could be found in the 673-677 mn range (see, e.g., 
FIG. 613, and the relevant discussion in the Assessment por-
tion of this document). The Ec,  component (X__-673.4 mu) 
can be included in the SDC set to detect and quantify the 
short-wavelength Chl-a fluorescence variability. In an 
example, the Ec,  component can be derived via PeakFit 
parameterization of the intense short-wavelength shoulder of 
Chl-a fluorescence detected in the laboratory-grown culture 
of dinoflagellate Prorocentrum Scutellum, such as can be 
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diluted with cold filtered seawater to induce a possible physi-
ological response represented by the peak wavelength shift. 

In an example, three additional spectral bands, EPEI,  E,,2 , 
and EPE3,  can be included in the SDC set of components to 
address the spectral variability in the PE fluorescence that can 5  
provide potential for discrimination and assessment of the 
cyanobacteria and PBP-containing eukaryotic cryptophytes 
in the mixed phototrophic populations. In a particular 
example, the EPE1  SDC component (e.g., X__ -565 nm) can 
be used for characterization of cyanobacteria that contain the 10 
Type  PE with high phycourobilin/phycoerythrobilin (PUB/ 
PEB) ratio, which makes them better adapted for light har-
vesting in the high-transparent blue oceanic waters. The EPEI  
component (e.g., X__-578 nm) can be used for detection of 15  
cyanobacteria containing the low-PUB/PEB Type 2 PE that 
can have advantage in greenish shelf and slope waters, such as 
with elevated CDOM and relatively high attenuation of blue 
light. The EPE3  component (e.g., X__-589 nm) can be used 
for assessment of PE5 4 5 -containing cryptophytes, such as 20 

can be abundant in coastal, bay and estuarine environments, 
as shown by our recent ALF deployments. In an example, the 
PE SDC components can be derived via the PeakFit SDC 
analysis of the LSEg spectra of laboratory-grown cultures of 
cyanobacteria and cryptophytes containing the respective PE 25  
spectral types. In a particular example, the WH8102 strain of 
Synechococcus sp. (e.g., CCMP2370, Provasoli-Guillard cul-
ture collection) and unicellular PE-rich Synechococcus-type 
cyanobacteria isolated from Pensacola Bay can be used to 
derive the EPEI  and EPEI  components, respectively. In an 30 
example, the fluorescence analysis of cryptophyteRhodomo-
nas sp. 768 can be used to derive the EPE3  component. In an 
example, along with the main maxima, the long-wavelength 
vibrational shoulders of the PE fluorescence, such as can be 35  
detected by the PeakFit analysis, can be included in the PE 
component spectra as additional Pearson's IV sub-peaks (see, 
e.g., Table 2) to improve the SDC accuracy in the spectrally-
complex yellow-red portions of the LSEg signatures (see, 
e.g., FIGS. 6D-F). 40 

While most of the components can be attributed to the 
fluorescence or scattering bands of the specific aquatic con-
stituents, the origin of several emission bands detected in the 
field in the red portion of the spectrum remains to be identi-
fied. In an example, three spectral components, E R ,, E12, and 45 
ER3  (X__-625, 644, and 662 nm, respectively), can be 
included in the SDC component set to address an observed 
LSE variability and provide for its quantification and analy-
sis. In an example, the spectral shape of the red SDC compo-
nents can be retrieved from the residual spectra, such as can 50 
be composed via digital subtraction of the known overlapped 
SDC components from LSE" signatures containing unidenti-
fied red spectral bands. The magnitudes of the Pearson's 
parameters, a o, a l , az , a3  and a4, for the spectral components 
used in the SDC procedure are presented in Table 2. The 55 
peak-normalized spectral distribution for each of the compo-
nents can be calculated using the Pearson's function (or a sum 
of the functions if several lines of Pearson's parameters are 
listed for the component in Table 2) with the argument x=X. 
Here, X is the spectral wavelength in nm, e.g., 532 nm or 651 60 
run. 
SDC Analysis of LSE" Spectra 

In an example, the SDC processing of the LSE" spectra can 
include the following steps: 

Iv. The measured LSE" signature can be corrected for the 65 
spectrometer spectral sensitivity and normalized to its 
peak to yield the LSE „ (X) signature scaled down to the 

10 
normalized amplitudes of the SDC basic components, 
such as to minimize the number of the SDC best fitting 
iterations. 

2v. Fit" (X), the sum of the 9 spectral components listed in 
Table 1, can be calculated with a set of scaling amplitude 
coefficients, NI: 

Fit"(k)—v 1ER "(k)+v2EE"(k)+v3ECDO  Y (k)+v4E,(k)+ 

V5EC (T) +V6EC3(T )+v7ER 1(T )+V8ER2(T )+v9ER3 

N 	 (1) 
where k represents a spectral wavelength. The magnitudes of 
the scaling coefficients can be varied until the sum of squares 
of residuals between the Fit" and LSE"„ is minimized in the 
fitting spectral range. For the ALF LSE" measurements, the 
fitting range can, in an example, include two spectral sub-
ranges, such as 423 nm to 515 nm, and 550 nm to 700 nm, 
where the emission peaks of the key aquatic constituents are 
located in the LSE" spectra (see, e.g., FIGS. 5A-5F). The 
initial (e.g., 380-423 mu) and intermediate green (e.g., 515-
550 nm) portions of the LSE" signatures, where Fl and F2 
filters 246 of the ALF spectrometer 210 have high optical 
density, can be excluded from the SDC analysis. The NIR 
portion (700-808 nm) can also be excluded, in an example, 
because of the NIR decline in the spectrometer sensitivity. 

3v. The retrieved values of scaling amplitude coefficients 
can be used to calculate the SDC components of the 
LSE"„ signature, such as can be displayed by the ALF 
software in a representation of the LSE" spectral panel, 
along with the LSE"„ and LSE fit  spectra, to visualize the 
results of best fitting (for example, see FIGS. 5A-5F): 

SR'N—v 1ER"(T) 

SE'N_V2EE'(k) 

ECDOMv W _V3ECDOM v (k) 

F'Cl °(k)—v4EC1(k) 

F'C2 °(k)—v5EC2(k) 	 (2) 

F'C3 °(k)—v6EC3(k) 

ER 1 'W _V7ER 1 N 

FR2'W_V ER3(k) 

FR3'W _V9ER3 N 

In an example, the SDC ALF algorithm can integrate the 
Fc, (X), F C2  (X), and F C3 " (X) spectral components, such as to 
synthesize the Chl-a fluorescence component of the LSE„" 
spectrum: 

Fc7,,'(k)-'4EC1(k)+v5EC2(k)+v6EC3(k) 	 (3) 

vC,, —  -(FC,,'(k) 

where vc,,,  is the Fc,,,v(X) peak magnitude. The Fc,,,v (X) 
synthesis can account for the spectral variability in Chl-a 
fluorescence observed in the field (see, e.g., FIGS. 5A-5F). In 
an example, the wavelength of the Fc,,,v(X) peak, X c,,,v, can 
also be determined to assess the spectral variability in Chl-a 
fluorescence and spectral correction of variable fluorescence, 
as described below. 

4v. A set of relative parameters for the LSE" spectral com-
ponents can be calculated as: 

FCh Za/R'
_
—VChZaV l

_1 

_ 	_1 
FCDOM/R' ~ —V3V1 
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These parameters can represent signal intensities of the con-
stituent fluorescence bands contributing to the LSE" spectrum 
normalized to WR". They can be used for quantitative assess-
ment of the major fluorescent constituents , such as Chl-a or 
CDOM (see, e.g., FIGS. 7A and 713) or for parameterization 
of the LSE" spectral shape, which can be described with the 
set of five relative parameters determined by equation (4). 

FIG. 15 illustrates generally an example of obtaining a 
quantitative assessment of a fluorescent constituent that can 
include a concentration of an aquatic constituent , such as 
Chl-a. At 1512, a spectral measurement can be obtained of 
LSE, such as using the ALF instrument. At 1514, SDC analy-
sis of LSE spectra can be performed, such as to deconvolve 
from the measured spectra individual bands attributable to 
discrete aquatic constituents. In an example, the SDC analy-
sis can yield the magnitude of a fluorescence intensity attrib-
utable to Chl-a, among other aquatic constituents. 

At 1518 , a ratio of the intensity of a fluorescence, such as 
can be attributable to a fluorescent constituent , to the intensity 
of WR scattering can be calculated. In an example, several 
ratios can be calculated , such as using equation (4). In an 
example, the set of relative fluorescent parameters in equation 
(4) can be used to provide a quantitative assessment of a 
constituent - specific concentration in a liquid sample, such as 
an absolute measurement of a concentration of an individual 
fluorescent constituent in a water sample. 

At 1552 , a concentration of an aquatic constituent can be 
obtained . In an example, concentrations of individual fluo-
rescent constituents can be determined by multiplying the 
intensities of constituent -specific fluorescence bands normal-
ized to WR scattering (i.e., a relative parameter determined 
using equation (4)) and a conversion coefficient, such as can 
be obtained from a regression line in a plot of the intensities 
of constituent-specific fluorescence bands normalized to WR 
scattering and independent measurements of the constituent-
specific concentrations. For example, FIG. 7A illustrates gen-
erally an example of how such conversion coefficient can be 
obtained . 1,,,, R",  a relative , dimensionless quantity indica-
tive of Chl -a fluorescence intensity normalized to WR scat-
tering, can be plotted along a horizontal axis. Independent 
measurements of Chl-a fluorescence intensity, such as can be 
obtained using HPLC, for example, can be plotted along a 
vertical axis. In the example of FIG. 7A, a regression line can 
be determined, and the conversion coefficient 4.40 can be 
obtained. The conversion coefficient can be used to convert 
the relative, dimensionless quantity IchiaR"  to an absolute 
quantity of fluorescence concentration (e.g., in mg M-3).   In an 
example, the conversion coefficient can be obtained during a 
calibration procedure using the ALF instrument and a set of 
dark-adapted liquid samples containing photosynthesizing 
microorganisms . In an example, I,,,, R", although a relative, 
dimensionless quantity, can be a useful index of Chl-a con-
centration where it can be compared to other IchiaR"  mea-
surements conducted using various instrumental implemen-
tations of the ALF technique and platforms, including 
autonomous unmanned vehicles and airborne or satellite 
remote sensing. Further improvements in the accuracy of 
fluorescence assessments of Chl-a concentration are 
described below. 
SDC Analysis of LSEg Spectra 

The SDC analysis of the LSEg spectra can be similar to the 
LSE" SDC analysis, though three additional components can 

12 
be included in the SDC procedure to account for the spectral 
variability in PE fluorescence efficiently stimulated with a 
green laser excitation, such as using the green laser 212. In an 
example, the SDC processing of the LSEg spectra can include 

5 the following steps: 
1 g. The measured LSEg signature can be corrected for the 

spectrometer spectral sensitivity and normalized to its 
peak to yield the LSEg„ (X) signature. 

2g. Fitg(X) the sum of the 12 spectral components listed in 
10 	Table 1, is calculated with a set of scaling amplitude 

coefficients {g,}: 

Fitg(k)=g,EZ(k)+g2EZ(k)+g3Fcnon,g(k)+g4Eci(k)+ 
95E12(k)+96Ec3N+97ER1N+AER2N+9 ~ER3 
N+91l EIM T)+g11ERE2(T)+g12ERE3(T) 	 (5) 

15  where X is a spectral wavelength. The magnitudes of the 
scaling coefficients can be varied until the sum of squares of 
residuals between the LSE fit  and LSEg„ is minimized in the 
spectral range of SDC fitting, such as the spectral range 544 

20  mu to 700 mu, where the emission peaks of key aquatic 
constituents can be located in the LSEg spectra (see, e.g., FIG. 
6). 

3g. The retrieved values of scaling coefficients can be used 
to calculate the SDC components of the LSEg„ signa- 

25 ture, such as can be displayed by the ALF software in a 
representation of the LSEg spectral panel, along withthe 
LSEg„ and LSE fit  spectra, to visualize the results of best 
fitting (for example, see FIGS. 6A-6F): 

SRg(~)g1ERg(T') ~ 

30 	
g 

F..,1(k)=g3E,.,/(k) 

35 	FC19(k)g4Ec1(k) 

Fc29(k)g,Ec2(k) 

Fc39(k)g6Ec3(k) 

40 

FR 1gN=g7ER 1(T) 	 (6) 

FR2g(k)=AER3(k) 

45 	FR3g(k)=99ER

33

(k) 

F,19(k)=g1(E,1(k) 

F,12g(k)=911ErE2N 

50 
F1E3gN=912E1E3N 

In an example, the SDC ALF algorithm can integrate the 

Fc,g(X), Fc2g(X), and F C3g(X) spectral components, such as to 
synthesize Fchtag(X),  the Chl-a fluorescence component of 

55 the LSEg„ spectrum, or to use in determining the Fchzag(X) 
peak magnitude, gchz,: 

Fchrag(k)=g4Ec1(k)+g5Ec2(k)+g6Ec3(k) 	 (7) 

60 	9ch1, max(Fchr-ag(l)) 

The wavelength of the Fch,a9(X)  peak,  Xch,a9,  can also be 
determined to assess a spectral variability in Chl-a fluores-
cence. 

The SDC retrievals of the FPE ,9(2) and FPE29(2) bands can 
65 be used for discrimination and assessment of the Type 2 and 

Type 1 PE-containing cyanobacteria, respectively. In addi- 
tion, the integrated synthetic cyanobacterial PE fluorescence 

11 
IR 11Rv-V7V1-' 	 4)  

IR21R v- v8v1
_

1 

IR31R v
_
-v9v 1

_ 1 
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band, FP...2g(X),  and its peak magnitude, 91112  can also be 
generated for the overall assessment of the PE-containing 
cyanobacterial population: 

FPE12g(k)g10E,. (k)+g11EPE2(k) 	 (8) 

9PE12—  -(FPE12g(~ ') 

These parameters can be used to examine a relationship with 
high-performance liquid chromatography (HPLC) and other 
analyses that do not discriminate within the cyanobacterial 
group. 

4g. A set of relative parameters for the LSEg spectral com-
ponents is calculated as: 

ICh Za/Rg(T')gchZa91 1  

ICDOM/Rg-9391 1  

IR11Rg—g'g1 1  

IR21Rg-9891 1  

IR3/Rg-9991 1 	 (9) 

IPEl/Rg-91091 1  

IPE21Z-91191 1  

IPE31Z-91291 1  

These parameters can represent WRg-normalized peak signal 
intensities of the major fluorescence bands contributing to the 
formation of the LSEg signature. As analogues of parameters 
retrieved from the LSE" SDC analysis, they can be used for 
quantitative assessment of the major fluorescence constitu-
ents, such as Chl-a, PE, or CDOM, or for parameterization of 
the LSEg spectral shape, which can be described with a set of, 
for example, eight relative parameters, such as can be deter-
mined using equation (9). Several additional parameters, 
which can provide useful indexes for structural characteriza-
tion of the mixed population of phytoplankton and cyanobac-
teria (see, e.g., FIGS. 8A-8D), can also be calculated: 

IPE12/Chl, 9PE129Ch1 1  

IPE11Ch1, g109ChZ 1  

IPE21Ch1, g119Chr 1 	 (10) 

IPE31Ch1, g129ChZ 1  

IPE11PE2 9108 1  

Spectral Correction of Temporal Retrievals of Variable Fluo-
rescence 

The Chl-a fluorescence induction, caused by the gradual 
closure of the reaction centers of photosystem II (PSII), occur 
over the single PSII turnover time scale (e.g., 40-100 µs) with 
the appropriate excitation flux. The parameters of variable 
fluorescence, a proxy of the quantum yield of PSII photo-
chemistry and handy index of photo-physiological status of 
photosynthesizing organisms, can be retrieved from the PDP 
induction measurements. In particular, the Chl-a fluorescence 
induction, Fc,,,(t), measured using the PDP excitation pro-
tocol employed in the ALF instrument, can be approximated 
as: 

Fch,(t)=(Fm 1- (Fm  1-Fo 1 )eXP(- t/A)) -1 	 (11) 

where, F. and F m  represent initial and maximum intensity of 
Chl-a fluorescence, respectively, andA represents a time con-
stant. The non-linear best fitting with equation (11) to a mea-
sured Chl-a fluorescence induction yields the parameters of 

14 
variable fluorescence, F., F m  and A. The magnitude of vari-
able fluorescence can be calculated as F J_ —(F_—F,)/F_. In 
an example, the magnitude of variable fluorescence can be 
used to account for physiological variability in the quantum 

5 yield of chlorophyll-a fluorescence. In an example, the mag-
nitude of variable fluorescence can be used as a quantitative 
measure of a physiological status of photosynthesizing 
organisms, and the quantitative measure can be used to adjust 
an intensity measurement of chlorophyll-a fluorescence, such 

io as can be obtained using SDC analysis of LSE. 
In an example, the fluorescence induction measured in 

natural waters can be corrected for the non-Chl-a background 
emission, Brc, such as can be produced by the broadband 
CDOM fluorescence in the area of the Chl-a fluorescence 

15 peak (e.g., FIG. 5F). Elevated levels of phaeophytin can also 
affect measurements of the variable fluorescence. Other con-
stituents present in natural waters can also contribute to the 

B,vc in this spectral region (for example, see FIGS. 513, 5C, 
5E, and 51)). The B vc magnitude remains unchanged during 

20 the Chl-a fluorescence induction, as it has no relation to the 
dynamic changes in the PSII status stimulated by the actinic 
flash. Not accounting for the B vc background can result in 
flattening the induction curves and underestimating the vari-
able fluorescence, which can be significant even in the off- 

25 shore oceanic waters with low CDOM content. 
Most fluorometers that measure variable fluorescence do 

not possess adequate spectral resolution for discrimination 
between the Chl-a fluorescence and B rc. One approach could 
be to use periodic measurements of the blanks and filtrates to 

3o address the issue. A further advance to this approach can use 
automatic assaying of the filtrate fluorescence each hour dur-
ing the continuous underway flow-through measurements. 
Though it may partially improve the F J_ assessments, the 
variable fluorescence retrievals can be corrected for the B vc 

35 background measured in the same water sample to account 
for the B vc spatial and temporal variability. Also, both dis-
solved and particulate organic matter present in natural 
waters may contribute to the B vc background, while the fil-
trate measurements account only for the dissolved compo- 

4o nent. 

The ALF instrument, which can uniquely combine both 
spectrally and temporally resolved LSE measurements of a 
sampled liquid, can be used to compute characteristics of 
fluorescent substances in the sampled liquid, such as using 

45 information from one of the spectral or temporal measure-
ments to adjust the other of the spectral or temporal measure-
ment. For example, quantitative information about aquatic 
constituents, such as can be obtained from spectrally resolved 
measurements, can be used to improve an assessment of a 

50 photo-physiological status of phytoplankton, such as can be 
obtained from temporally resolved measurements. In an 
example, physiological information, such as information 
obtained from temporally resolved measurements, can be 
used to improve a quantitative assessment, such as an assess- 

55 ment of a Chl-a concentration in a water sample obtained 
from spectrally resolved measurements. In an example, com-
bining the spectrally and temporally resolved LSE measure-
ments of the sampled water can be used to compute charac-
teristics of fluorescent substances, such as a chlorophyll-a 

60 concentration. In an example, the Comp 101, including a 
processor circuit, can be used to perform the computations of 
characteristics of fluorescent substances. 

In an example, the ALF instrument can provide potential 
for retrieving from the induction measurements an actual 

65 Chl-a fluorescence signal and its spectral discrimination, 
regardless of the B vc origin and magnitude. Because the 
temporal and spectral measurements can be conducted in a 
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continuous flow of sampled water with a few seconds delay, 
the spectrally and temporally resolved measurements can 
represent the same analyzed water and can be directly related. 
In an example, a spectral measurement can include the inten-
sity of non-Chl-a fluorescence background in the LSE, spec-
trum, which can be assessed via subtracting the SDC-re-
trieved spectral peak magnitude of the Chl-a fluorescence, 

vchZa (see, e.g., equation (3)), from the LSE"„ spectral inten-
sity around Chl-a peak, LSE „ (Xchz,')• The 1,,crchZa param-
eter to assess the ratio of the non-Chl-a background to the 

vch, magnitude can be therefore calculated from the SDC 
spectral analysis of LSE" as: 

I,C,C,ra LSE's»(k ,,')v ,ra i-1 	 (12) 

The Izvcrch,  spectral retrievals can be used for correction of 
the temporal measurements of fluorescence induction for the 
non-Chl-a background emission to improve photo-physi-
ological assessments of phytoplankton variable fluorescence. 
The relationship between the Ir crch,,  parameter yielded by 
the SDC analysis of the LSE spectrum and the B, , c  magnitude 
in the fluorescence induction is not trivial. The intensity of the 
405 nm laser excitation is the same for measuring both the 
LSE" spectra and the fluorescence induction. Therefore, dur-
ing the LSE" spectral acquisition (e.g., 1-3 s), the Chl-a fluo-
rescence exhibits the initial fast (e.g., —50 µs) induction rise 
followed by several additional transitional stages, referred to 
as Kautsky effect, to reach the steady state level approxi-
mately equal to its initial magnitude when the excitation is 
turned on. Therefore, the Izvcrch,  value derived from the SDC 
LSE analysis can be determined by the average over the 
spectral acquisition time magnitude of the Chl-a fluorescence 
yield. The latter can be close to the mean magnitude of the 
Chl-a yield during the PDP induction measurements under 
conditions of the measurements. Thus, to a first approxima-
tion, the Br,c  background and the Br,c- corrected time course 
of variable fluorescence, Fch,,(t), can be estimated as (see, 
e.g., FIG. 9B for illustration): 

B,c-(I+I,c,ci,ra i)-imean(Frnr(t)), and 	 (13) 

Fci,,(t)=F,,,(t)-B ac 	 (14) 

where FPD,(t) is a temporal measurement, such as the time 
course of fluorescence induction measured in the spectral 
region of the Chla-fluorescence peak by the ALF instrument. 
Equations 13 and 14 can be used during the real-time pro-
cessing of the temporal fluorescence measurements to 
retrieve a corrected induction curve of Chl-a fluorescence, 
Fch,,(t). The non-linear fitting with equation (11) can provide 
the Br,c- corrected magnitude of variable fluorescence, 
FJ_—(Fm —FJ/Fm . For evaluation, the non-spectrally cor-
rected magnitude of variable fluorescence, F, _Nc  can be 
calculated from results of fitting of FPD,(t) to equation (11). 
In an example, the Comp 101, such as using a processor 
circuit, can be configured to perform calculations using the 
equations 11-14, among others. 

FIG. 13 illustrates generally an example that can include 
using information from a spectrally-resolved measurement to 
improve an assessment based on a temporally-resolved mea-
surement. For example, at 1310, fluorescence induction over 
time, FPD,(t), can be obtained, such as using the ALF mea-
surement system described above. FPD,(t) can represent a 
waveform indicative of a time course of PDP fluorescence 
induction, such as in response to a laser excitation of a water 
sample. 

At 1320, spectral measurements of LSE can be used to 
determine quantitative information about the magnitude of a 
non-chlorophyll-a background fluorescence, B r,c, such as 

16 
can be present in the temporal measurements of FPD,(t) in the 
spectral region of chlorophyll-a fluorescence. In an example, 

B,vc can be calculated using equations 12 and 13. 
At 1330, the measurement of fluorescence induction over 

5 time, FPDP(t),  can be corrected or adjusted for the influence of 
background fluorescence, such as using B vc, the magnitude 
of non-chlorophyll-a background fluorescence. In an 
example, B vc can be subtracted from the measurement of 
fluorescence induction over time to yield Fch,,(t),  a corrected 

io waveform representative of the time course of Chl-a fluores-
cence induction, such as using equation 14. 

At 1340, the corrected waveform Fch,,(t) can be used to 
determine one or more parameters of a variable fluorescence. 
For example, equation 11 can be used to approximate Fch,,(t) 

15 by adjusting the variables F., F m, and A to achieve a best-fit. 
In an example, an alternative biophysical model, such as a 
model other than equation 11, can be used to approximate 
Fch,,(t), and thus to determine the parameters of the variable 
fluorescence. 

20 	At 1350, the magnitude of the variable fluorescence can be 
calculated, such as using the equation F J_ —(Fm — Fo)/Fm  and 
the parameters of the variable fluorescence obtained at 1340. 
At 1360, the magnitude of the variable fluorescence can be 
used, for example, to provide an indication of a physiological 

25 status of photosynthesizing organisms. In an example, the 
magnitude of the variable fluorescence can be used to provide 
a characteristic of a fluorescent substance in the water sample, 
such as a photo-physiological status of phytoplankton. Thus, 
using quantitative information, such as can be obtained from 

3o a spectral measurement of a water sample, physiological 
assessments of aquatic photosynthesizing organisms, such as 
can be obtained from a temporally-resolved measurement of 
the water sample, can be improved. 
Improving Spectral Retrievals of Pigment Concentration 

35 Using Temporal Measurements 
In an example, the technique employed by the ALF instru-

ment can provide potential for retrieving from the spectral 
measurements a more accurate quantitative assessment of 
aquatic constituents, such as an assessment of a Chl-a con- 

40 centration. Because the temporal and spectral measurements 
can be conducted in continuous flow of the sampled water in 
substantially real-time (e.g., with a few seconds delay), the 
spectrally and temporally resolved measurements can repre-
sent the same analyzed water and can be directly related. 

45 In an example, a spectrally-corrected magnitude of vari-
able fluorescence, F J_, a convenient index of the photo-
physiological status of photosynthesizing organisms, can be 
retrieved from the ALF temporal measurements as described 
in the previous section. The variable fluorescence information 

50 can be used, for example, to correct the magnitude of a Chl-a 
fluorescence for photo-physiological, including photo-pro-
tective, variability in its quantum yield. In an example, a 
normalization of Chl-a fluorescence to F J_ can minimize 
the adverse effect of a photo-physiological dependence of 

55 Chl-a fluorescence intensity on the accuracy of Chl-a concen-
tration assessments, such as can be obtained using a spectral 
fluorescence measurement alone. 

FIG. 14 illustrates generally an example that can include 
using information from a temporal measurement to improve 

6o an assessment based on a spectral measurement. For example, 
at 1412, a spectral measurement of LSE can be obtained, such 
as using the ALF measurement system. In an example, the 
spectral measurement can be a broadband spectral measure-
ment containing LSE spectral information from a variety of 

65 aquatic constituents. 
At 1414, spectral deconvolution (SDC) analysis can be 

performed on a spectral measurement, such as the measure- 
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ment obtained at 1412, to assess discrete aquatic constituents. 
For example, SDC can be used to retrieve from LSE signa-
tures the individual spectral bands of aquatic constituents, 
thus permitting qualitative and quantitative assessment of the 
aquatic constituents. Some of the components that can be 
retrieved using SDC analysis are discussed above. 

At 1416, relative parameters describing the LSE spectral 
components can be derived, such as using the SDC analysis 
performed at 1414. The relative parameters can include the 
ratios in equations (4), (9), or (10), among others, which can 
represent signal intensities of constituent fluorescence bands 
contributing to the spectral measurement obtained at 1412, 
normalized to water Raman scattering. In an example, the 
ratios can be used to perform quantitative assessments of 
fluorescent constituents such as Chl-a. 

At 1450, the magnitude of the variable fluorescence can be 
calculated. For example, the magnitude of the variable fluo-
rescence can be calculated according to the example of FIG. 
13. The magnitude of the variable fluorescence can be used, 
such as at 1462, to correct information obtained from a spec-
trally-resolved measurement of the magnitude of a Chl-a 
fluorescence. The variable fluorescence can be used as a 
correction factor for phytoplankton physiological variability, 
such as to compensate for physiological regulation in Chl-a 
fluorescence yield caused by phytoplankton photo-protective 
mechanisms. Such photo-protective mechanisms can also 
affect the magnitude of the variable fluorescence. In an 
example, the ratios obtained using equations (4), or (9), such 
as the IChZa RV and icht„xg  parameters of Chl-a concentration, 
can be normalized to the magnitude of the variable fluores-
cence to improve the correlation between the SDC retrievals 
and independent HPLC measurements of pigment concentra-
tions. 

In an example, physiological information derived from a 
temporally-resolved measurement, such as information about 
the magnitude of the variable fluorescence, can be used to 
improve an assessment of a characteristic of a fluorescent 
substance in a liquid sample, such as a quantitative assess-
ment of a chlorophyll concentration, such as can be obtained 
using a spectrally-resolved measurement. In some cases, a 
normalization of chlorophyll-a fluorescence to the magnitude 
of the variable fluorescence, F J_, can be used to minimize 
or eliminate the adverse effects of the photo-physiological 
dependence or photo-protective regulation of chlorophyll-a 
fluorescence intensity on the accuracy of chlorophyll-a con-
centration assessments, such as can be derived from spec-
trally-resolved measurements. Thus, using physiological 
information, such as can be obtained from a temporally-
resolved measurement of a water sample, quantitative assess-
ments of some aquatic constituents, such as pigments 
obtained from a spectrally-resolved measurement of the 
water sample, can be improved. 

Referring now to the example of FIG. 12A, there is poor 
correlation (R2-0.23 at 1280) between the ALF underway 
flow-through spectral measurements of Chl-a fluorescence 
normalized to the Raman scattering, I ChZa RV in the Delaware 
and Chesapeake Bay (horizontal axis) and independent mea-
surements of Chl-a concentration using high-performance 
liquid chromatography (vertical axis). FIG. 12B illustrates an 
example of the same data set as shown in FIG. 12A, but the 
Chl-a fluorescence is normalized to water Raman scattering 
and the spectrally corrected variable fluorescence magni-
tudes, F J_, retrieved as described in FIG. 13 from concur-
rent, temporal fluorescence induction measurements, FPDP  

(t). In the example ofFIG.12B, there is an improvement in the 
correlation (R 2-0.92 at 1281) between the physiologically 
corrected spectral fluorescence retrievals and the HPLC mea- 

18 
surements of Chl-a concentration. Thus, the example of 
FIGS. 12A and 12B illustrates generally the potential of using 
information from temporal measurements to improve retriev-
als from spectral measurements, such as to improve a quan- 

5  titative assessment of Chl-a concentration retrieved from 
spectrally resolved fluorescence measurements. 

In an example, normalization can provide the improvement 
in the correlation with the HPLC measurements of Chl-a 
concentration because the zeaxanthin cycling, a majorphoto- 

lo protective mechanism of diatoms that often dominate during 
the coastal and estuarine spring blooms, affects the efficiency 
of energy transfer from light-harvesting antenna to the pho-
tosystem II reaction centers, where the photochemistry occur 

15  and from which most of the Chl-a fluorescence originates. 
More sophisticated approaches can be used, such as in more 
diverse water types, to improve the spectral assessment of 
pigment concentration using physiological information 
retrieved from temporal measurements of fluorescence 

20 induction. 
Assessment 
LSE” Spectral Variability 

Development of the SDC analytical algorithms described 
above was to a large extent built upon a series of ALF field 

25 deployments. The objectives were (i) to test the ALF instru-
ment in a broad range of natural aquatic environments and (ii) 
to develop a simple yet adequate SDC procedure that would 
provide accurate retrievals of the constituent emission bands 
from the complex overlapped LSE spectral patterns. Region- 

3o ally, the ALF deployments included the offshore and coastal 
zones of the Atlantic and Pacific Oceans, Chesapeake, Del. 
and Monterey Bays, and a number of estuaries and rivers of 
the East and West US coast. 

Some examples of the LSE" spectral variability observed 
35 during the field measurements are presented in FIGS. 5A-5F 

along with the SDC analyses of the LSE" signatures. The 
legend indicates the measured spectra as LSE", and the SDC 
best fits as Fit", respectively. As evident from FIGS. 5A-5F, in 
most cases the SDC fits can be almost indistinguishable from 

40 the measured spectra except for some minor deviations 
around the CDOM fluorescence peak. The LSE" signatures 
measured in surface off-shore oceanic waters were mostly 
determined by the overlapping bands of the WR scattering 
(SR "), broadband CDOM fluorescence (FcDOm"),  and Chl-a 

45 fluorescence (F,,,,') (for example, FIG. 5A; Southern Cali-
fornia Bight, April 2007). Up to two orders of magnitude of 
variability in the FcDOmi  intensity relative to the S R " peak 
were observed due to significant variations in the CDOM 
content in different water types. For example, compare the 

5o LSE" spectra measured in oceanic waters (FIG. 5A), Dela-
ware Bay (FIG. 513) and Delaware River (FIG. 5F). The 
FcDOMV  component, such as can be derived from the ALF 
measurements in the Delaware River, was found to work well 
in all measured water types, including the offshore oceanic 

55 waters, despite the chemical and spectral complexity and 
variability of CDOM in natural waters. It is believed that the 
satisfactory SDC performance of the simple single CDOM 
component, F D,,;, may be due to the relatively long-wave-
length excitation, 405 mu, used in the ALF instrument. Chl-a 

60 fluorescence was a major contributor to the LSE" in the red 
portion of the spectra. Though the F,,,,'  peak was located 
around 680 mn in most of the LSE" signatures, both blue- and 
red-shifts in the peak location, e.g. 677 to 685 mu, accompa-
nied by changes in its spectral shape were detected. Most of 

65 the spectral variability in the Chl-a fluorescence can be rea-
sonably well described via linear scaling the E,,, E, 2  and E13 
SDC components (see equation (3)). 
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Along with the Chl-a fluorescence, three other spectrally 
distinct emission bands can be detected in the red portion of 
the LSE" spectra during the ALF field deployments. The 
underway ALF measurements in the Delaware Bay revealed 
an intense emission peak at 644 mu that significantly 5 

exceeded the Chl-a fluorescence (see, e.g., FIG. 513). Similar, 
though less extreme, spectral patterns were also observed 
during the underway measurements in the coastal zone of the 
Middle-Atlantic Bight near the Chincoteague Island. Another 
spectral band with maximum around 625 mu was detected io 
during theALF underway measurements in the surface waters 
of the Delaware Bay (FIG. 5C). The emission band peaking at 
662 nm was observed in the LSE" signatures at various loca-
tions during the ALF underway measurements (for example, 
see FIG. 5D). Finally, the broadband red emission, such as 15 

ranging from 610 to 700 mu, which seemed to be composed 
of several overlapped emission bands, was consistently 
detected in the LSE" spectra of the water samples taken in the 
euphoric layer below the Chl-a maximum in the Southern 
California Bight, California Current and in the Middle Atlan- 20 

tic Bight (for example, see FIG. 5E). The E,,, E12, and E R3  
SDC spectral components were derived from the LSE" field 
data (see above) to account for the observed variability in the 
red portion of the LSE" signatures. As evident from FIGS. 
5A-5F, they describe well not only the individual spectral 25 

bands detected in the surface waters (see, e.g., FIGS. 513, 5C, 
and 5D), but also the broadband red emission observed in the 
water samples taken from the bottom of the euphoric layer 
(see, e.g., FIG. 5E). 

The origin of the red emission bands peaking at 625, 644 30 

and 662 mu in the LSE" spectra stimulated to 405 mu remains 
to be identified. Based on their spectral location and charac-
teristic shape, they can be interpreted as fluorescence of PBP 
pigments. Indeed, the cryptophyte-specific phycoerythrin 
PE566 has an in vivo emission peak around 620 nm. The 35 

fluorescence maximum of phycocyanin, an accessory PBP 
pigment present in cyanobacteria and cryptophytes, is located 
in the 642-645 nm range, while some spectral forms of cyano-
bacterial allophycocyanin have their emission peaks around 
662 mu. Despite the spectral similarity, the PBP origin of the 40 

red fluorescence in the LSE" spectra seems to be doubtful. 
Indeed, the SDC analysis of the LSEg signatures has detected 
no respective red fluorescence, though the green excitation is 
more efficient than the violet one in stimulating the in vivo 
PBP emission. Also, no significant correlation was found 45 

between the red emission detected in the LSE" spectra and the 
PE fluorescence observed in the LSEg signatures. It is 
believed that the red emission detected in some LSE" signa-
tures may originate from a dysfunctional or degrading pho-
tosynthetic apparatus ofphytoplankton. In particular, the 644 50 

mu emission peak can be attributed to the accessory chloro-
phyll-c (Chl-c) from poorly-functional light-harvesting com-
plexes. The weak in vivo Chl-c fluorescence peaking at 644 
mu is from photosynthetically functional phytoplankton. 
Regarding the emission at 662 mu, similar spectral features 55 

can be observed in the LSE 411  signatures of senescent phy-
toplankton cultures, consistently with the presumable photo-
degradation origin of the emission. Similar investigations can 
be used to identify the red emission bands observed in the 
field. 60 

LSEg Spectral Variability 
Some characteristic spectral features of the LSEg signa-

tures of natural waters are illustrated in FIGS. 6A-6F. Despite 
their significant variability, the SDC best fits, Fitg, well repro-
duce the measured LSEg spectra. The WR scattering band, 65 

SRg, has its major maximum at 651 nm (the Raman shift 
,u__-3440 cm- ') and is a dominant or subdominant spectral 

component in most of the LSEg spectra. Two less intense WR 
bands, 1600 and 2200 crn 1 , also can be seen in the LSEg 
spectra at 583 and 602 nm in FIG. 6A. Although their inten-
sities are only a few percent of the major Raman peak at 651 
mu, they can play important role in formation of the LSEg 
patterns in the oceanic waters, where CDOM and PE fluores-
cence are often comparable to the intensity of these weak 
Raman bands (see, e.g., FIG. 6A). 

As evident from FIGS. 6A-6F, Chl-a fluorescence can be 
an important contributor to the LSEg spectra of natural 
waters. Significant variability in the location (e.g., 673-686 
mu) and spectral shape of a Chl-a fluorescence band was 
observed during the ALF field measurements. For example, a 
short-wavelength spectral shift in the Chl-a fluorescence was 
detected during the dinoflagellate blooms in Monterey Bay 
and adjacent Elkhorn Slough (see, e.g., FIG. 613, where 

X,,,a9=673  nm), in the lower Chesapeake Bay and adjacent 
York River (see, e.g, FIG. 6E, where X,,,,g=676 nm), and in 
the Pacific coastal zone of San Diego (where X,,,, 9=675 nm). 
High linear anti-correlation (R 2-0.90) between the blue shift 
and decline invariable fluorescence observed in the Monterey 
Bay suggests a potential physiological origin of the spectral 
shift. For instance, the dinoflagellate-specific water soluble 
peridinin-chlorophyll-protein light-harvesting complexes 
(sPCP LHC) do not fluoresce in the normally functional PSII, 
but have their sPCP-specific Chl-a fluorescence peak around 
673-676 mu. A decrease in the efficiency of energy transfer 
from the sPCP LHC to the PSII core might lead to appearance 
of the sPCP Chl-a fluorescence accompanied by a decline in 
Chl-a fluorescence from the core, which could result in the 
blue shift of the overall Chl-a peak. The fact that the blue shift 
was stronger with the green vs. violet excitation is consistent 
with such an assumption, because the peridinin absorption 
peak locates in the green spectral region. 

The red spectral shifts in Chl-a fluorescence were also 
observed during theALF field deployments. For example, the 
Chl-a emission peaking at 686 nm with the shoulder at 692 
nm was detected in both LSE" and LSEg spectra measured in 
the Delaware River (see, e.g., FIGS. 5F and 6C). As evident 
from the SDC examples presented in FIGS. 5A-5F and 
6A-6F, the observed field-based spectral variability in Chl-a 
fluorescence can be reasonably well described via SDC linear 
scaling of the E, I , EC2, and E,3  spectral components. The 
origin of the spectral variability may be driven by both struc-
tural and physiological changes in the algae, among other 
factors. 

A distinct feature of the LSEg signatures is the significant 
variability in the 540-620 nm portions of the spectra mainly 
caused by the overlap of the PE and CDOM fluorescence 
bands (see, e.g., FIGS. 6A-6F). The ALF/SDC analyses often 
detect significant cryptophyte-specific fluorescence, FPEIg  
(X_ 589 nm) in this spectral range of the LSEg spectra 
measured in various coastal, estuarine and fresh waters. For 
example, see FIGS. 6D and 6E measured respectively near 
Point Conception in the Southern California Bight and in the 
lower Chesapeake Bay. The significant F P,,g fluorescence 
was also detected in the upper and middle portions of the 
Delaware Bay, in the York River (Va.), and in the Sough 
Slough estuary (Oregon). The cyanobacterial high PUB/PEB 
(Type 1) PE fluorescence, FPEIg (X_ _-565 nm) dominated in 
the yellow-orange LSEg region in the samples obtained in the 
zone of Middle Atlantic Bight adjacent to the Delaware Bay 
(FIG. 6F); similarly significant, though less intense, FPEIg 
fluorescence was consistently detected in the offshore waters 
of the Middle Atlantic Bight (see a transect distribution of 
IPEVR9  in FIG. 10) and in the California current. Fluorescence 
of low PUB/PEB, Type 2 spectral form of cyanobacterial PE, 
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FPE29(X_ 578 nm), was found to often accompany the 
F,,,g and/or FPE3g emission in coastal, bay and estuarine 
environments (see, e.g., FIGS. 6E and 6F). It dominated in the 
LSEg spectra between 540 and 620 nm in the lower Chesa-
peake Bay (FIG. 6E) and coastal waters of Hawaii Island; the 
significant FPE29  emission was also found in the LSEg spectra 
measured in the lower Delaware Bay and near-shore Pacific 
zone of California. 

The broadband CDOM emission, FcD0N9,  though less 
intense vs. the WR band as compared to the LSE" signatures, 
still played an important role in the formation of the orange-
red portion of the LSEg spectra not only in estuaries, but in all 
the surveyed water types, including offshore oceanic waters. 
Its intensity was often comparable to the PE fluorescence in 
the bay and estuarine waters (e.g., FIG. 6E), and could domi-
nate over the PE emission peaks in both oceanic (FIG. 6A) 
and fresh waters. For example, in the Delaware River (FIG. 
6C), about 85% of the LSE 532  intensity in the 570-620 mir 
range, which can be interpreted as the PE fluorescence, was 
actually formed by the CDOM emission (confirmed by the 
spectral measurement of the sample filtrates). In the CDOM-
rich waters, the intense CDOM fluorescence can provide 
significant background contributions even in the red portion 
of the LSEg spectra that needs to be accounted for correct 
assessment of the red emission bands, such as WR scattering 
or Chl-a fluorescence (FIGS. 6C and 6E). 

The SDC analysis of the LSEg field measurements has 
revealed that the linear scaling of the SDC spectral compo-
nents, attributed to the WR scattering and fluorescence of 
Chl-a, PE and CDOM, cannot entirely account for the com-
plex spectral patterns observed in the red portion of the LSEg 
spectra. The SDC mismatch was particularly evident for the 
LSEg signatures that showed the intense PE fluorescence, 
thus indicating a significant abundance of PBP-containing 
cryptophytes or/and cyanobacteria. For evaluation, three 
additional spectral components, E R ,, E12  and ER31  which 
were originally derived from the LSE" field data, were 
included in the SDC procedure described by equation (5). 
This was done to incorporate in the best fitting three addi-
tional red spectral bands, FRlg, FR29  and FR3g (see equation 
(6)). The SDC analysis has shown that the F Rigband played a 
rather insignificant role in the LSEg formation for most of the 
explored water types; while the F R29  and FR3g SDC spectral 
components provided variable contributions in various 
waters, remaining subdominant relative to the maj or peaks of 
WR scattering at 651 nun, Chl-a and PE fluorescence (see, 
e.g., FIG. 6). The LSEg patterns observed in the lower Chesa-
peake Bay (FIG. 6E) constituted an exception, as all three red 
emission bands provided significant contributions to the 
LSEg formation, comparable to the usually dominant band of 
WR scattering, SRg. The correlation patterns with the group-
specific spectral types of PE emission suggest that in the areas 
abundant with PBP-containing cyanobacteria and crypto-
phytes the FR29  and FR3g SDC retrievals may be associated 
with the phycocyanin and allophycocyanin fluorescence. 
Correlation Analysis of the SDC Retrievals 

To evaluate ALF capacity for quantitative assessments of 
aquatic fluorescent constituents, the ALF spectral retrievals 
were compared with HPLC pigment analyses. The Ic,,,,R v  
and IchiaiRg  SDC retrievals (see Eqs. 4 and 9) showed high 
correlation with the HPLC assessments of Chl-a concentra-
tion in a range of water types surveyed during the ALF field 
deployments. For example, FIG. 7A displays the linear cor-
relation (R2-0.93) 760 between the Ichzaixv  retrievals and the 

22 
HPLC measurements of total Chl-a conducted in the Middle 
Atlantic Bight, Chesapeake and Delaware Bays, in the Sough 
Slough estuary (Oregon) andYork River (Va.). Similarly high 
correlation (R2-0.92) was observed between the Ich,,I g  

5  magnitudes and the HPLC Chl-a data for the same integrated 
data set. The WR normalization, as well as the relatively short 
(<1 cm) path of the excitation and emission light in the mea-
surement cell, likely provided for the robustness of the cor-
relation between Chl-a fluorescence and concentration up to 

10 20mgrn 3 despitethesignificantvariabilityinturbidity(upto 
10 NTU as measured in the York River) within the data set. 

Assuming that the CDOM fluorescence stimulated at 405 
and 532 nm originates from the same organic chromophores, 

15 comparison of the IcDoml v and IcDoml g magnitudes can 
provide a good overall test for the ALF SDC analysis. Indeed, 
the CDOM and WR emission bands are located in different 
portions of the LSE" and LSEg spectra and have different and 
variable patterns of spectral overlap with the emission bands 

20 of other water constituents (FIGS. 5A-5F and 6A-6F). In 
spectrally complex environments, the peak magnitudes of the 
CDOM and WR emission bands often constitute only a frac-
tion of the LSE intensity at their peak locations (for example, 
see FIGS. 5B, 5C, 5F, 6A, 6B, 6C, 6E, and 6F). Nonetheless, 

25 the correlation analysis yielded consistently high linear cor-
relations between the IcDoml v and IcDoml g retrievals in 
various watertypes examined. For example, FIG. 7B displays 
their correlation for the combined data set measured in the 

30 Delaware Bay and adjacent coastal and offshore areas of the 
Middle Atlantic Bight. 

To evaluate the ALF/SDC potential for assessment of the 
PBP-containing photosynthesizing organisms in the mixed 
phototrophic populations, we compared ALF SDC retrievals 

35  of the group-specific PE spectral indices with independent 
HPLC measurements of alloxanthin and zeaxanthin, the caro-
tenoid biomarkers for the cryptophytes and cyanobacteria, 
respectively. FIG. 8 displays the correlations for the water 
samples collected in the Southern California Bight. High 

40 linear correlation, R2-0.77 at 862, was found between the 
magnitudes of the i,,3/Rg  fluorescence parameter and the 
alloxanthin concentration (FIG. 8A) despite its relatively low 
magnitudes. A similar linear correlation, R 2-0.78 at 864, was 

45  observed between the IP... /,9  values and the zeaxanthin con-
centration (FIG. 8C). It is believed that these data demon-
strate that theALF/SDC retrievals provide potential for detec-
tion, discrimination and quantitative assessment of 
cryptophytes and cyanobacteria in natural aquatic environ- 

50 ments. 

Assuming the alloxanthin, zeaxanthin and Chl-a concen- 
trations as proxies for biomass of cryptophytes, cyanobacte- 
ria and total population of the photosynthesizing microorgan- 
isms, respectively, the alloxanthin/Chl-a and zeaxanthin/ 

55 Chl-a ratios can be considered as first-order indices for 
assessment of a relative abundance of cryptophytes and 
cyanobacteria in the mixed phototrophic populations. Evalu- 
ation of the relationships between these pigment indexes and 

60  respective fluorescence parameters can be yielded by the 
SDC LSE analysis. For the data sets displayed in FIGS. 8A 
and 8C, the correlations between the i1131ChZ,  vs. alloxanthin/ 
Chl-a ratio (FIG. 813) and IPEVCh,  vs. zeaxanthin/Chl-a ratio 
(FIG. 8D) were somewhat lower (R 2-0.63 at 863), which can 

65 be explained by the higher errors in the ratios vs. the absolute 
magnitudes of fluorescence and HPLC retrievals (FIGS. 8A 
and 8C). The magnitudes of both pigment and fluorescence 
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ratios were in the range of a few percent, which might also 	reach up to 50-100% in the CDOM-rich freshwater or estua- 
affect the correlations. Nonetheless, the trends observed in 	rine environments (see, e.g., FIG. 5F) or at the bottom of 
FIGS. 8B and 8D indicate the potential of the ALF/SDC 

	
euphotic layer (see, e.g., FIG. 5E). In the latter case, a decline 

technique for structural analysis of the mixed algal popula- 	in the Chl-a fluorescence is typically accompanied by an 
tions. 	 5 increase in CDOM fluorescence and the broadband red emis- 

Thus, fluorescent characterization of aquatic constituents 	sion of other, non-Chl-a constituents (see, e.g., FIG. 5E and 
can include characteristics such as a quantitative assessment 

	
the vertical profiles of IcDOml,'  and I13/1V  in FIG. 11A). In 

of phycobiliprotein-containing groups of photosynthesizing 	extreme cases, the non-Chl-a red background emission can 
microorganisms in mixed phototrophic populations present 	significantly exceed the peak magnitudes of the Chl-a and 
in a water sample, such as including a basic structural char-  io CDOM fluorescence (see, e.g., FIG. 513). 
acterization of the populations. For example, FIGS. 8A and 

	
The ALF spectral correction of variable fluorescence can 

8C illustrate generally examples of assessing PE3- and PEI - 	be configured to automatically account for a variable B vc 
containing cryptophytes and cyanobacteria, respectively. The 

	
background in an analyzed water sample, thus yielding more 

SDC analysis of the LSE spectral measurements can yield 
	

accurate assessments of variable fluorescence in spectrally 
magnitudes of group-specific IPE3rxg  and IPEVRg  fluorescent 15 complex aquatic environments. To illustrate the importance 
parameters, such as using equation (10). These fluorescence 	of the spectral correction, FIGS. 9A and 9C illustrate the 
parameters can show good correlation with independent mea- 	lzvcrchza magnitudes and the comparison of the F J_ values 
surements of the respective group-specific pigment biomar- 	calculated with and without the correction for the Bzvc  param- 
kers that are generally accepted as indices of biomass for 	eter for the water samples taken in the Delaware River 
these groups of photosynthesizing microorganisms. 	20 between Trenton, N.7., and the river mouth adjacent to the 

The PE group-specific fluorescence can be a useful index to 
	

Delaware Bay. As evident from these data, up to 35% under- 
quantitatively assess the respective PBP-containing group in 	estimation of the F J_ magnitude can occur, such as without 
the water sample. Chl-a can be taken as an index of total 

	
the spectral correction due to the high CDOM content in the 

biomass of photosynthesizing organisms present in the same 	turbid waters. In the example of FIG. 9C, compare 
water sample. Thus, the ratio IPErchza  can be used as an index 25 F J_-0.29 vs. 0.45 at station 4 in the middle of the transect. 
to indicate a relative abundance of the PE-containing group in 

	
In addition, F J_ values as high as 0.65 were observed after 

mixed populations of photosynthesizing organisms in a water 	the spectral correction during a phytoplankton spring bloom. 
sample. FIGS. 8B and 8D illustrate generally examples of 

	
The ALF spectral correction of variable fluorescence can be 

structural characterization of photosynthesizing populations 	automatically and routinely conducted in real time during 
in a natural water sample that contain the PBP-containing 3o discrete sample analyses and during underway shipboard 
groups of microorganisms, cryptophytes and blue-water 	measurements (see, e.g., the spectrally corrected F J_ 
cyanobacteria. In the examples of FIGS. 8B and 8D, the SDC 

	
transect data in FIG. 10). The ALF system requires no filtra- 

analysis of the LSE spectral measurements can yield, such as 	tion or other treatment of the sample, and can be implemented 
using equation (10), the ratios of the magnitudes of group- 	in various instrument configurations and settings potentially 
specific PE fluorescence bands to Chl-a fluorescence, such as 35 capable of the broadband SDC spectral measurements, 

IPE3rchZa and  IPE11chZa.  These fluorescent parameters can 
	

including implementations of in situ and airborne sensors of 
show satisfactory correlation with independent measure- 	variable fluorescence. 
ments of the ratios of concentrations of their respective 

	
ALF Transect Measurements 

group-specific pigment biomarkers and Chl-a. 	 A significant amount of the ALF underway flow-through 
For example, IPE3rchZa  can be used to indicate a relative 40 measurements onboardresearch ships and small vessels were 

population of cryptophytes (see, e.g., FIG. 8C). In the 	acquired during the instrument deployments in diverse water 
example of FIG. 8C, alloxanthin can be used as an indepen- 	types. To illustrate the analytical capabilities oftheALF/SDC 
dent index of cryptophyte abundance. Plotting IPE31chzag 

	
underway analysis, we present an example of the transect 

against alloxanthin can yield a conversion coefficient (e.g., 	measurements conducted in the coastal zone of the Middle- 
1.12 in the example of FIG. 8C), such as can be used to 45 Atlantic Bight adjacent to the Delaware Bay. Distributions of 
convert the dimensionless fluorescence parameter IPE3rchZag 

	
the SDC-retrieved fluorescent parameters are displayed in 

into theAlloxanthin/Chl-a ratio, an index based on commonly 
	

FIG. lOB; the major transect features are marked with num- 
accepted units, such as alloxanthin and chlorophyll-a concen- 	bers to relate them with their spatial locations respectively 
trations. In the example, the correlation plot SC can be used as 	numbered on the map in FIG. 10A. An arrow in FIG. 10B 
a calibration procedure. 	 50 marks a technical break in the data acquisition occurred 
Spectral Correction of Variable Fluorescence 

	
between points 6 and 7. The IchzarRV  values have been con- 

As described above, the real-time SDC LSE" analysis can 	verted into the units of Chl-a concentration (right vertical axis 
yield the I, crchza  parameter to assess non-Chl-a background 

	
in FIG.10B) based on the linear correlation displayed in FIG. 

emission, Blvc, in the area of a Chl-a fluorescence peak. The 
	

7A. Magnitudes of the other ALF variables, including the 
latter can then be subtracted from the PDP induction curve to 55 spectrally-corrected variable fluorescence, F J_ can be 
retrieve a spectrally-corrected variable fluorescence (Eqs. 	assessed using the left axis of the plot. The F J_ values 
12-14). The ALF field spectral measurements have shown 	varied in the 0.3-0.4 range along the entire transect thus 
that the magnitudes of B vc and relevant l vcrchza parameters 	showing a somewhat depressed physiological status of the 
can exhibit significant variations in natural aquatic environ- 	phytoplankton population. Seven Chl-a peaks, ranging from 5 
ments. For example, in surface oceanic waters the INCrchza 60 to 13 mg M-3, 

  were detected along the transect indicating 
magnitude can vary from a few percent (see, e.g., FIG. 5A) to 	costal mesoscale variability in phytoplankton biomass. As 
approximately 25 percent, depending on the relationship 	evident from the IcDOml,'  distribution, the CDOM spatial 
between the CDOM and Chl-a fluorescence intensity. The 	variability followed closely the Chl-a spatial patterns sug- 
non-Chl-a red fluorescence bands, such as F R2  and/orFR3 , can 	gesting a biological origin of CDOM in the surveyed area. 
provide a comparable to or greater than CDOM contribution 65 The PBP-containing cryptophytes, indexed by the IPE311g  
in the spectral range of the Chl-a fluorescence peak (see, e.g., 	fluorescence parameter, showed quite patchy and somewhat 
FIGS. 5C and 5D, respectively). The l vcichza magnitude can 

	
distinct spatial patterns, compared to those of Chl-a, reaching 
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the highest concentration in the DB mouth (see points 1, 2, 4 
and 8 in FIG. 10A). By contrast, the high PUB/PEB PE-
containing cyanobacteria, indexed by the iPEVRg  fluorescence 
parameter, had their highest concentration in the coastal zone 
at point 5, with several smaller sub-peaks around points 0, 1, 5 

2, and 8. The low PUB/PEB PE-containing cyanobacteria, 
characterized by the IPE2,,g  distribution, showed spatial pat-
terns well correlated with Chl-a; they were most abundant in 
the Delaware Bay mouth (points 7-8), but also showed patchy 
structures in the adjacent section of the transect (points 0-2, 10 

3-4, and 6). 
Along with the characterization of pigment biomass, the 

ALF/SDC analysis can illustrate significant structural vari-
ability in the mixed population of phytoplankton and cyano-
bacteria in the surveyed area. The cryptophytes were not 15 

detected along the initial, offshore portion of the transect and 
represented a relatively small fraction of the phototrophic 
community in the coastal zone of the Middle Atlantic Bight. 
This was indicated by the magnitudes of the IPE3lChZa  param-
eter that were below 0.05 along the transect everywhere 20 

except the sharp peak around point 1, where they reached 0.1 
(not displayed in FIG. 10B). A similar range of the IPE3lChZa 

variability was observed in the Southern California Bight and 
corresponded to the alloxanthin/Chl-a ratio below 0.1 (see 
FIG. 813). By contrast, the high PUB/PEB PE-containing 25 

cyanobacteria were more abundant in the populations along 
the offshore and initial coastal portions of the transect as 
indexed by the IPEVChZa  magnitudes that reached 0.16 at point 
5 in FIG. 10B, one order of magnitude above the highest 

IPEVChZa values observed in the Southern California Bight 30 

(FIG. 8D). In the Delaware Bay mouth (points 7-8 in FIG. 
10B), their fraction exhibited a very sharp decline with the 

IPEVChZa values below 0.03. Within the cyanobacterial group, 
the high PUB/PEB PE spectral type was overwhelmingly 
dominant in the offshore waters and around point 5 in FIG. 35 

10B, as indicated by IPEliPE2  retrievals that vary from about 2 
to 3.5. 
Vertical Distributions of Fluorescence Constituents 

TheALF/SDC suite can provide shipboard underway char-
acterization of aquatic constituents in the surface waters, and 40 

it can also provide useful complementary information via 
laboratory and field analyses of discrete water samples. Two 
examples of the vertical distributions of the fluorescent con-
stituents, compiled using the ALF analysis of the dark-
adapted water samples collected at various depths in the off- 45 

shore and coastal oceanic waters, are illustrated in FIGS. 11A 
and 11B. The upper horizontal scale in FIGS. 11A and 11B 
displays Chl-a concentrations based on the IchZal,'  region-
ally-analyzed correlation with the HPLC pigment data. 

In the offshore waters ofthe California current (FIG. 11A), 50 

biomass of phototropic phytoplankton and Type 1, high PUB/ 
PEB cyanobacteria (indexed by the IchZal,'  and IPE11R9  mag-
nitudes, respectively) had almost identical vertical distribu-
tions, showing their gradual buildup with depth in the upper 
50 in followed by a sharp increase to their maximum magni- 55 

tudes at 75 in and a decline to less than a few percent of their 
maxima at 150 m. The ALF assessments of the Chl-a concen-
tration were 0.18 and 0.48 µg/1, in the samples from 2 and 75 
m, respectively. No PE3 fluorescence was detected at this 
location indicating an absence of cryptophytes in the phy- 60 

toplankton population, as was consistently observed in the 
offshore waters of the California current. The spectrally-
corrected variable fluorescence, F J_, gradually increased 
from 0.19 at 5 in depth to 0.3 at 95 in below the Chl-a 
maximum, and no photosynthetically active Chl-a was 65 

detected by the SDC analysis at 150 m. The low F J_ mag-
nitudes indicated a generally depressed photo-physiological 

status of phytoplankton despite the relatively high Chl-a con-
centration in the Chl-a peak. The CDOM content indexed by 
the IcDOml,'  parameter showed no significant change in the 
upper 50 in of the water column, a 2-fold gradual increase 
between 50 and 150 m, and a slower rise with depths between 
150 and 500 in (ALF measurements of the 500 in sample are 
not shown). The IR1/,', 112/1', and I13/1"  magnitudes, which 
quantify the broadband red fluorescence typically observed 
below the Chl-a maximum (see, e.g., FIG. 5E), exhibited a 
significant increase at 50-150 m, consistent with the above 
hypothesis that it may be due to fluorescence of a degrading 
pigment photosystem. Contrary to the CDOM emission, a 
further gradual decline in the IR1/,', 112/1', and I13/1'  magni-
tudes was typically observed below the bottom of the 
euphoric layer (i.e., below 150-200 in in FIG. 11A). 

In the coastal zone of the South California Bight near Point 
Conception, most SDC-retrieved fluorescent parameters 
reached their peak magnitudes at much shallower depths, e.g. 
15-20 in (FIG. 11B). Significantly higher surface and peak 
magnitudes of Chl-a concentration, e.g. 2.74 and 7.18 µg/1, 
respectively, were detected. The intense FPE3  fluorescence, 
with the peak value of the cryptophyte-specific parameter 

IPE3iR9 as high as 0.47, was observed in the water samples 
thus indicating significant cryptophyte abundance at this 
location (confirmed by the HPLC analysis). Though the 
IPE121R9 magnitudes indexing the cyanobacterial biomass 
were somewhat higher compared to the offshore cast 
samples, the low, —0.03, IPE121ChZ,  values indicated a rela-
tively small fraction of cyanobacteria in the coastal pho-
totrophic population. The vertical distribution of variable 
fluorescence, FJ_, showed a slow gradual rise with depth 
from 0.3 at the surface to 0.38 at 30 in followed by decline to 
0.2 at 51 m. Similar to the offshore profile, the F J_ peakwas 
located somewhat deeper than the maximum of the pigment 
biomass (30 vs. 15 m, respectively). By contrast to the off-
shore measurements, the CDOM fluorescence profile, 1 was 
more uniform. It reached its peak in the pigment maximum at 
15 in followed by a gradual, approximately 30% decline 
between 15 and 50 m. The green-induced red fluorescence, 
peaking at 644 mn and indexed by the I12/.9  magnitudes, 
showed the vertical profile correlated well with the crypto-
phyte-specific PE fluorescence indexed by IPE31R9.  The ver-
tical profile of another green-induced red emission fluores-
cence, peaking at 662 nm and indexed by I131,g  parameter, 
was rather correlated with the vertical distribution of the 
cyanobacterial high PUB/PEB PE fluorescence, IPE121R9.  The 
observed patterns suggest that the red emission consistently 
detected in the LSE 9  signatures around 644 nm and 662 nm 
can be associated in these PBP-rich coastal waters with in 
vivo fluorescence of phycocyanin and allophycocyanin, 
respectively. 
Discussion 

The described ALF/SDC analytical suite can provide new 
tools such as for characterization of the fluorescent constitu-
ents in liquids, including natural waters, and bioenvironmen-
tal monitoring. The ALF can provide a compact, easily trans-
portable and deployable instrument for high-resolution 
shipboard underway measurements over a range of spatial 
and temporal scales as well as discrete sample analyses. The 
ALF technology can take advantage of selective dual-wave-
length laser excitation and broadband LSE spectral detection 
combined with spectrally corrected measurements of variable 
fluorescence. The SDC LSE analysis allows retrievals of the 
overlapped emission bands of aquatic constituents and more 
accurate photo-physiological assessments of photosynthesiz-
ing organisms, including more accurate assessments of bio-
mass and abundance of photosynthesizing organisms. The 
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ALF measurements provide real-time information about 
intensity and spectral variability in Chl-a, phycoerythrin, and 
CDOM fluorescence. This approach may lead to improved 
assessments of pigment biomass and CDOM content, indica-
tion of structural changes in the phytoplankton community 
and quantitative assessment of the PBP-containing phy-
toplankton and cyanobacteria. 

TheALF dual-wavelength violet/green laser excitation can 
provide for assessment of the key fluorescent constituents, 
including CDOM, Chl-a and PE pigments. The 405 mu exci-
tation is efficient in assaying of CDOM (see, e.g., FIGS. 
5A-5F) and variable fluorescence, but is not as suitable for use 
for PE analysis because of low PE absorption in the violet 
spectral range. The 532 nm excitation can provide for effi-
cient PE fluorescence stimulation, but yields generally more 
complex LSE9  signatures (see, e.g., FIGS. 6A-6F). As shown 
by the initial field deployments, the ALF dual-wavelength 
excitation also extends the concentration range of Chl-a 
assessments. For example, the IChZa R ~ 

parameter measured 
with 405 mu excitation has yielded quite reasonable assess-
ments of Chl-a concentration during measurements of the 
dinoflagellate blooms in the York River (>50 mg M-3 )  and in 
Monterey Bay (>100 mg M-3),   where the accuracy of the 

1 chi,,xg retrievals can be somewhat compromised. 
The use of lasers for emission excitation can provide cer-

tain advantages over the broadband light emitting diodes or 
flash lamps such as can be utilized in other field fluorometers. 
Indeed, as evident from the sample LSE spectra in FIGS. 
5A-5F and 6A-6F, WR scattering is an important and often 
dominant LSE spectral component. With the narrow-band 
laser stimulation, the ALF has a characteristic, relatively nar-
row spectral band, which allows its reliable SDC detection 
and discrimination in the overlapped LSE spectral patterns. 
The broadband excitation can result in respective broadening 
of the Raman spectral band, thus significantly complicating 
its discrimination from the constituent fluorescence. Normal-
ization of the constituent fluorescence to WR scattering can 
account for the highly variable optical properties of natural 
waters and can create units that can be directly compared to 
the data acquired by various shipboard and airborne laser 
fluorosensors. 

As shown by the ALF field measurements, the LSE signa-
tures measured in the diverse water types can represent com-
plex and highly variable patterns formed by the overlapped 
spectral bands of fluorescent aquatic constituents (see, e.g., 
FIGS. 5A-5F, and 6A-6F). Because of the spectral overlap, 
the spectral intensity at the wavelength of the constituent 
emission in most cases overestimates the actual intensity of 
the constituent emission. The overestimation is particularly 
significant in the estuarine, bay and fresh waters known to be 
spectrally complex (see, e.g., FIGS. 513, 5C, 5F, 6C and 6E), 
but it may occur as well in the oceanic waters (see, e.g., FIGS. 
5D, 5E, and 6F). Accounting for the spectral overlap can be 
particularly important for the correct fluorescence assessment 
of PE pigments (see, e.g., FIGS. 613, 6C, 6E, and 6F) and 
water Raman scattering (see, e.g., FIGS. 513, 5C, 5F, and 
613-F). The SDC LSE analysis can allow for accurate retriev-
als of the constituent bands, thus providing for improved 
qualitative and quantitative constituent assessment. Incorpo-
ration of the broadband hyperspectral LSE SDC analysis in 
the shipboard and airborne laser remote sensing and in situ 
laser measurements can further improve observational capa-
bilities and provide important information about natural 
aquatic environments over a range of spatial and temporal 
scales. 

Another aspect of the spectral complexity of natural waters 
concerns the accuracy of photo-physiological assessment of 

28 
photosynthesizing organisms via measurements of variable 
fluorescence. As revealed by the ALF field spectral measure-
ments in various water types, the background non-Chl-a 
emission produced by CDOM and other constituents in the 

5  spectral area of Chl-a fluorescence can vary in a range of 
several percent to a hundred percent of the Chl-a fluorescence 
intensity. Not accounting for the non-Chl-a fluorescence 
background can result in significant, such as up to 35-50%, 

LO 
underestimation of the magnitude of variable fluorescence 
see, e. FIG. 9 The s ectrall corrected photo-physi -

ological 
 ( 	g• ~ 	 )• 	p 	Y-  

 assessment of variable fluorescence is another dis- 
tinct feature of the ALF measurement and analytical proto-
cols that provides for improved characterization of natural 

15  aquatic environments. 

In turn, the information about the physiological and photo-
protective status of photosynthesizing microorganisms 
retrieved from temporal measurements of Chl-a fluorescence 
induction canbe used to significantly improve the accuracy of 

20  spectral retrievals of pigment concentration as shown above 
(see, e.g., FIG. 12). 

Comments 

This document describes, among other things, (i) design- 
25 ing a robust compact laser spectrofluorometer capable of 

routine broadband LSE/PDP measurements in the field, (ii) 
acquiring a set of field observations representing diverse liq-
uid types, and (iii) the thorough analysis of the laboratory and 
field ALF measurements to develop the new analytical algo- 

30 rithms. The constituent fluorescence parameters yielded by 
the SDC algorithms can be converted into commonly 
accepted units (e.g., constituent concentrations), such as via a 
series of laboratory and field calibrations. The correlations 

35  between the Chl-a fluorescence retrievals and independent 
assessments of Chl-a concentration look reasonably good. 
The available field data sets can be analyzed to verify the 
robustness of the correlation in the extended concentration 
range and the regional/seasonal dependence of the correlation 

40 parameters that can affect the accuracy of the fluorescence 
retrievals. At the short time scale, the diel variability in the 
pigment fluorescence yield caused by various physiological 
photo-protective mechanisms can be accounted for, such as to 
further improve assessments of Chl-a and PBP concentra- 

45 tions from the shipboard underway flow-through measure-
ments. The ALF measurements of variable fluorescence can 
provide important feedback to the LSE spectral analysis of 
Chl-a and PBP fluorescence to account for the photo-physi-
ological variability in the pigment fluorescence yields. The 

50 field-based observations of spectral variability in Chl-a fluo-
rescence can provide new means for assaying phytoplankton 
physiology and functional groups. The detected red emission 
peaks at 625, 644 and 662 mu can be identified and inter- 

55 preted to provide additional information about pertinent com-
plex bio-geochemical processes in the natural aquatic envi-
ronments. Extension of the ALF measurements and the SDC 
algorithms into the near ultraviolet and infrared spectral range 
can yield valuable information about other fluorescent con- 

60  stituents, such as spectrally-distinct forms of CDOM and 
bacteriochlorophyll. Finally, the ALF methods and analytical 
protocols, which have been tested and employed in the flow-
through instrument, can be implemented in a variety of instru-
ment configurations and settings, including in situ and air- 

65 borne laser fluorosensors, to improve our capacity for 
oceanographic observations and bioenvironmental monitor-
mg. 
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TABLE 1 

SDC spectral components. Three bands of the water Raman scattering with 
the Raman shifts v m_ = 1660, 2200 and 3440 cm 1 , respectively, are 

integrated into one SDC component representing the Raman scattering in 
the LSE spectra. Spectral location of the individual Raman peak can be 

calculated as k_ = (T ~~ 
1  - v__) -1 ; here, k__ and T_, are the 

wavelengths ofthe Raman scattering peak and excitation, respectively. 

Spectral component Abbreviation Emission peak, nm 

1 Elastic scattering EE' 405 
2 CDOM fluorescence EcDOM" 508 
3 Water Raman scattering, ER' 434, 445, 471 

1660, 2200, and 3440 cm- ' 
4 Elastic scattering EEg 532 
5 CDOM fluorescence EcDOI/ 587 
6 Water Raman scattering, ERg 583, 602, 651 

1660, 2200, 3440 cm - ' 
7 Red emission 1 ERI 625 
8 Red emission 2 ER2 644 
9 Red emission 3 ER3  662 

10 Chl-a fluorescence E, 673 
11 Chl-a fluorescence ECZ 679 
12 Chl-a fluorescence EC3  693 
13 PE fluorescence 1 EPEI 565 
14 PE fluorescence 2 EPEI  578 
15 PE fluorescence 3 EPE3 589 

TABLE 2  

30 
Additional Notes & Examples 

Example 1 includes subject matter, such as a method, com-
prising stimulating a liquid, which can include dissolved or 

5  particulate matter, such as fluorescent constituents, using a 
laser, and obtaining a spectral measurement of laser-stimu-
lated emission (LSE) from the liquid sample. Example 1 can 
include subject matter such as obtaining a temporal measure-
ment of an LSE induction from the liquid sample, and per- 

10 forming spectral deconvolution (SDC) analysis using the 
spectral measurement. Example 1 can include subject matter 
such as determining a characteristic of a fluorescent constitu-
ent in the liquid sample using information from the SDC 
analysis and the temporal measurement. 

In Example 2, the subject matter of Example 1 can option- 
15 ally include performing spectral deconvolution (SDC) analy-

sis using linear amplitude scaling of discrete spectral compo-
nents attributable to constituents present in the liquid. 

In Example 3, the subject matter of one or any combination 
20  of Examples 1-2 can optionally include determining a char-

acteristic of a fluorescent constituent using information from 
one of the spectral or temporal measurements to adjust the 
other of the spectral or temporal measurements. 

In Example 4, the subject matter of one or any combination 
of Examples 1-3 can optionally include stimulating a water 

Parameters of the Pearson's IV function(s) for the analytical 

approximation of the SDC components of the constituent emission bands 
observed in natural waters (E E" is approximated with y = a o  exp(-a 1 T)). The 

superscripts "u" and "g" indicate excitation at 405 and 532 run, respectively. If 
several lines of coefficients are listed, the emission band is presented as a sum of 

the Pearson's functions calculated with the listed coefficients. 

Spectral 	 k_ 
component Emission Band 	nm 

ECDOA; 	CDOM fluorescence 	505 
ER' 	Water Raman 	 471 

scattering: 1660, 

2200, and 3440 cm - 1  

ECDOZr CDOM fluorescence 583 
ERg Water Raman 651 

scattering: 1660, 

2200, and 3440 cm - 1  

ERI Red emission 1 625 
ERZ  Red emission 2 644 
ER3  Red emission 3 662 

Ech, Chl-a fluorescence 1 673 
E Ch2  Chl-a fluorescence 2 679 

E Ch3  Chl-a fluorescence 3 692 

EPEI PE fluorescence 1 565 

EPE2  PE fluorescence 2 578 

EPE3 PE fluorescence 3 590 

EEg 	Elastic scattering 	532 

EE' 	Elastic scattering, 	405 

approximated with 

y = ao exp(-alk)  

ao 	a 1 	a2 	a3 	a4 

1 	505.2 	87.7 	2.22 	-2.85 

0.025 422.3 	1.49 	0.413 	-0.988 

0.016 434.8 	1.35 	0.789 	0.540 

0.008 444.2 	1.01 	4.20 	-76.5 

0.619 466.7 	5.11 	2.68 	-0.539 

0.759 471.2 	6.60 	3.72 	0.019 

0.190 474.8 	3.62 	4.54 	12.3 

0.019 484.5 	3.27 	3.60 	-23.3 

1 	583.1 	3.28 	1.66 	-71.6 
0.042 583.3 	2.24 	0.852 	0.650 

0.016 599.2 	5.47 	0.724 	-0.710 

0.457 641.9 	7.84 	2.33 	-0.291 

0.817 	650.5 	12.0 	3.67 	1.39 

0.169 	657.9 	2.87 	3.35 	19.6 

0.017 	672.7 	16.6 	14.0 	83.9 

1 	625.1 	12.1 	1.59 	-3.11 

1 	644.0 	17.2 	1.80 	-2.63 

1 	661.9 	23.0 	1.62 	-1.65 

1 	673.4 	13.7 	2.95 	-0.616 

1 	678.5 	12.8 	1.86 	-0.444 

1 	692.1 	16.1 	2.23 	-2.37 

0.985 	565.4 	58.1 	12.3 	-16.9 

0.233 	610.9 	35.3 	1.85 	-2.49 

0.954 577.9 	14.1 	1.14 	-0.78 

0.163 	613.8 	70.3 	8.17 	7.74 

1.000 	589.8 	21.0 	1.56 	-1.40 

0.056 	617.1 	14.6 	3.57 	-1.59 

0.063 	628.1 	18.1 	4.67 	0.487 

1 	543.9 	0.913 	1.01 	-15.7 

6.8530 	1.68-1 
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volume using the laser, and determining a characteristic of a 
fluorescent constituent, such as assessing a chlorophyll-a 
concentration in the water volume. 

In Example 5, the subject matter of one or any combination 
of Examples 1-4 can optionally include assessing a chloro-
phyll-a concentration by determining a best fit to a waveform 
indicative of a chlorophyll-a fluorescence induction corrected 
for a non-chlorophyll background emission, such as using the 
equation 

wherein F m  is a maximum intensity of the chlorophyll fluo-
rescence, F O  is an initial intensity of the chlorophyll fluores-
cence, t is time, and A is a time constant. Example 5 can 
include subject matter such as determining a magnitude of 
variable fluorescence, F J_, by subtracting the initial inten-
sity of the chlorophyll fluorescence, F O , from the maximum 
intensity of the chlorophyll fluorescence, F m , and normaliz-
ing the result to the maximum intensity of the chlorophyll 
fluorescence, F m , such as using the equation 

F,/Fm  (Fm  F,)IF_. 

Example 5 can include subject matter such as using the mag-
nitude of variable fluorescence to adjust information received 
from the spectral deconvolution analysis. 

In Example 6, the subj ect matter of one or any combination 
of Examples 1-5 can optionally include using the magnitude 
of variable fluorescence to adjust information received from 
the spectral deconvolution analysis, such as including nor-
malizing information obtained from the spectral deconvolu-
tion analysis to the magnitude of variable fluorescence. 

In Example 7, the subject matter of one or any combination 
of Examples 1-6 can optionally include determining a char-
acteristic of a fluorescent constituent including assessing a 
chromophoric dissolved organic matter concentration in the 
liquid. 

In Example 8, the subject matter of one or any combination 
of Examples 1-7 can optionally include stimulating a water 
volume and determining a characteristic of a fluorescent con-
stituent including assessing a phycobiliprotein, including 
phycoerythrin, pigment concentration in the water volume. 

In Example 9, the subject matter of one or any combination 
of Examples 1-8 can optionally include determining a char-
acteristic of a fluorescent constituent, including using infor-
mation from the spectral deconvolution analysis to calculate 
intensities of constituent-specific fluorescence spectra nor-
malized to Raman scattering, and determining a quantitative 
assessment of a constituent-specific concentration in the liq-
uid. 

In Example 10, the subject matter of one or any combina-
tion of Examples 1-9 can optionally include obtaining a tem-
poral measurement of an LSE induction from the liquid in the 
spectral region of chlorophyll-a fluorescence. 

In Example 11, the subject matter of one or any combina-
tion of Examples 1-10 can optionally include determining a 
characteristic of a fluorescent constituent including assessing 
a photo-physiological status of photosynthesizing microor-
ganisms in the liquid. 

In Example 12, the subject matter of one or any combina-
tion of Examples 1-11 can optionally include determining a 
characteristic of a fluorescent constituent including minimiz-
ing or eliminating an effect of a non-chlorophyll background 
emission to improve accuracy of an assessment of a photo-
physiological status of phytoplankton based on the temporal 
measurement. 

In Example 13, the subject matter of one or any combina-
tion of Examples 1-12 can optionally include stimulating the 

32 
liquid using a laser configured to emit energy at wavelengths 
between 200 mn and 800 mu, and obtaining a broadband 
spectral measurement over a portion of the LSE spectrum in 
response to the stimulating. 

5 	In Example 14, the subject matter of one or any combina- 
tion of Examples 1-13 can optionally include obtaining a 
temporal measurement, including obtaining a first waveform, 
F,D,(t), indicative of a time course of LSE in the spectral area 
of chlorophyll-a fluorescence. 

10 	In Example 15, the subject matter of one or any combina- 
tion of Examples 1-14 can optionally include determining a 
characteristic of a fluorescent constituent by determining a 
best fit to a second waveform using a biophysical modeling 
function, the second waveform determined using the magni- 

15 tude of the non-chlorophyll background emission, B rc, to 
adjust the first waveform, FPD,(t), determining a magnitude 
of variable fluorescence using one or more parameters 
derived from the biophysical modeling function, and using 
the magnitude of variable fluorescence and information from 

20 the spectral measurement to adjust a quantitative assessment 
of chlorophyll-a fluorescence retrieved from the spectral 
deconvolution analysis. 

In Example 16, the subject matter of one or any combina-
tion of Examples 1-15 can optionally include determining a 

25 characteristic of a fluorescent constituent, including deter-
mining a magnitude of a non-chlorophyll background emis-
sion, Brc, in the first waveform using the spectral measure-
ment, determining a second waveform, FCh,,(t), indicative of 
chlorophyll-a fluorescence induction over time, the second 

30 waveform determined using the magnitude of the non-chlo-
rophyll background emission, Brc, to adjust the first wave-
form, FPD,(t), determining a magnitude of a variable fluores-
cence, F J_, using the second waveform, and using the 
variable fluorescence to assess a photo-physiological status 

35 of phytoplankton. 
In Example 17, the subject matter of one or any combina-

tion of Examples 1-16 can optionally include determining the 
magnitude of the non-chlorophyll background emission, 
B, c, including determining the LSE spectral intensity around 

4o a chlorophyll-a fluorescence peak using the spectral measure-
ment, determining a magnitude of a chlorophyll-a fluores-
cence band using spectral deconvolution of the spectral mea-
surement, obtaining an intensity of the non-chlorophyll 
fluorescence in the spectral measurement around the chloro- 

45 phyll-a fluorescence peak by subtracting the magnitude of the 
chlorophyll-a fluorescence from a portion of the spectral 
measurement around the chlorophyll-a fluorescence peak, 
calculating a ratio, I vcrc,,,, of the intensity of the non-chlo-
rophyll fluorescence in the spectral measurement around the 

50 chlorophyll-a fluorescence peak to the magnitude of the chlo-
rophyll-a fluorescence band, and determining the magnitude 
of the non-chlorophyll background emission, Brc, such as 
using the equation: 

Brc-(1 +Ircrci,ra i) imean(FPDP(t)) 
55 

In Example 18, the subject matter of one or any combina-
tion of Examples 1-17 can optionally include determining a 
magnitude of a chlorophyll-a fluorescence band using spec-
tral deconvolution, including fitting scaled amplitudes of dis- 

60  crete spectral components of fluorescent constituents to the 
spectral measurement. 

In Example 19, the subject matter of one or any combina-
tion of Examples 1-18 can optionally include using variable 
fluorescence to assess a photo-physiological status of phy- 

65 toplankton, including determining a best fit to the second 
waveform using the equation: 

[Fm i- (Fm  i-Fo i)eXP(-t/A)]-i, 
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34 
wherein F m  is a maximum intensity of the chlorophyll 

fluorescence, F o  is an initial intensity of the chlorophyll fluo-
rescence, t is time, and A is a time constant. 

In Example 20, the subject matter of one or any combina-
tion of Examples 1-19 can optionally include determining the 
magnitude of a variable fluorescence, F J_, by subtracting 
the initial intensity of the chlorophyll fluorescence, F o, from 
the maximum intensity of the chlorophyll fluorescence, F m , 

and normalizing the result to the maximum intensity of the 
chlorophyll fluorescence, F m : 

F,/Fm  (Fm  F,)IF_. 

Example 21 can include, or can be combined with the 
subject matter of one or any combination of Examples 1-20 to 
optionally include subject matter such as a system, compris-
ing a laser configured to stimulate a liquid, a first measure-
ment circuit configured to obtain a spectral measurement of 
laser-stimulated emission (LSE) from the liquid, a second 
measurement circuit configured to obtain a temporal mea-
surement of an LSE time course from the liquid, and a pro-
cessor circuit, configured to control the first and second mea-
surement circuits, and configured to compute an assessment 
of a fluorescent substance in the liquid using information 
from one of the spectral or temporal measurements to adjust 
the other of the spectral or temporal measurements. 

In Example 22, the subject matter of one or any combina-
tion of Examples 1-21 can optionally include a processor 
circuit configured to compute a non-chlorophyll background 
fluorescence in the liquid to improve accuracy of the temporal 
measurements. 

In Example 23, the subject matter of one or any combina-
tion of Examples 1-22 can optionally include a processor 
circuit configured to perform spectral deconvolution analysis 
using information received from the first measurement circuit 
to determine a magnitude of a constituent-specific fluores-
cence band, the spectral deconvolution including fitting 
scaled amplitudes of discrete spectral components of fluores-
cent constituents to a portion of the information received from 
the first measurement circuit. 

Example 24 can include, or can be combined with the 
subject matter of one or any combination of Examples 1-23 to 
optionally include subject matter such as a method, compris-
ing stimulating a water volume, which includes fluorescent 
constituents, using a laser; obtaining a spectral measurement 
of laser-stimulated emission (LSE) from the water volume, 
obtaining a temporal measurement of an LSE induction from 
the water volume, performing spectral deconvolution (SDC) 
analysis of LSE to assess individual fluorescent constituents, 
including pigments and organic matter, computing a photo-
physiological status ofphytoplankton using information from 
the spectral deconvolution (SDC) analysis to improve accu-
racy of the temporal measurement, and computing a pigment 
concentration using information from the spectral deconvo-
lution (SDC) analysis and the photo-physiological status 
information. 

These non-limiting examples can be combined in any per-
mutation or combination. 

The above detailed description includes references to the 
accompanying drawings, which form a part of the detailed 
description. The drawings show, by way of illustration, spe-
cific embodiments in which the invention can be practiced. 
These embodiments are also referred to herein as "examples." 
Such examples can include elements in addition to those 
shown or described. However, the present inventors also con-
template examples in which only those elements shown or 
described are provided. Moreover, the present inventors also 
contemplate examples using any combination or permutation 

of those elements shown or described (or one or more aspects 
thereof), either with respect to a particular example (or one or 
more aspects thereof), or with respect to other examples (or 
one or more aspects thereof) shown or described herein. 

5 All publications, patents, and patent documents referred to 
in this document are incorporated by reference herein in their 
entirety, as though individually incorporated by reference. In 
the event of inconsistent usages between this document and 
those documents so incorporated by reference, the usage in 

io the incorporated reference(s) should be considered supple-
mentary to that of this document; for irreconcilable inconsis-
tencies, the usage in this document controls. 

In this document, the terms "a" or "an" are used, as is 
common in patent documents, to include one or more than 

15 one, independent of any other instances or usages of "at least 
one" or "one or more." In this document, the term "or" is used 
to refer to a nonexclusive or, such that A or B" includes A 
but not B," `B but not A," and "A and B," unless otherwise 
indicated. In this document, the terms "including" and "in 

20 which" are used as the plain-English equivalents of the 
respective terms "comprising" and "wherein." Also, in the 
following claims, theterms "including" and "comprising" are 
open-ended, that is, a system, device, article, or process that 
includes elements in addition to those listed after such a term 

25 in a claim are still deemed to fall within the scope of that 
claim. Moreover, in the following claims, the terms "first," 
"second," and "third," etc. are used merely as labels, and are 
not intended to impose numerical requirements on their 
obj ects. 

30 Method examples described herein can be machine or 
computer-implemented at least in part. Some examples can 
include a computer-readable medium or machine-readable 
medium encoded with instructions operable to configure an 
electronic device to perform methods as described in the 

35 above examples. An implementation of such methods can 
include code, such as microcode, assembly language code, a 
higher-level language code, or the like. Such code can include 
computer readable instructions for performing various meth-
ods. The code may form portions of computer program prod- 

40 ucts. Further, in an example, the code can be tangibly stored 
on one or more volatile, non-transitory, or non-volatile tan-
gible computer-readable media, such as during execution or 
at other times. Examples of these tangible computer-readable 
media can include, but are not limited to, hard disks, remov- 

45 able magnetic disks, removable optical disks (e.g., compact 
disks and digital video disks), magnetic cassettes, memory 
cards or sticks, random access memories (RAMS), read only 
memories (ROMs), and the like. 

The above description is intended to be illustrative, and not 
5o restrictive. For example, the above-described examples (or 

one or more aspects thereof) may be used in combination with 
each other. Other embodiments can be used, such as by one of 
ordinary skill in the art upon reviewing the above description. 
The Abstract is provided to comply with 37 C.F.R. §1.72(b), 

55 to allow the reader to quickly ascertain the nature of the 
technical disclosure. It is submitted with the understanding 
that it will not be used to interpret or limit the scope or 
meaning of the claims. Also, in the above Detailed Descrip- 
tion, various features may be grouped together to streamline 

60 the disclosure. This shouldnotbe interpretedas intendingthat 
an unclaimed disclosed feature is essential to any claim. 
Rather, inventive subject matter may lie in less than all fea- 
tures of a particular disclosed embodiment. Thus, the follow- 
ing claims are hereby incorporated into the Detailed Descrip- 

65 tion, with each claim standing on its own as a separate 
embodiment, and it is contemplated that such embodiments 
can be combined with each other in various combinations or 
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permutations. The scope of the invention should be deter-
mined with reference to the appended claims, along with the 
full scope of equivalents to which such claims are entitled. 

The claimed invention is:: 
1. A method, comprising: 	 5 

stimulating a liquid, which includes dissolved and particu-
late matter, using a laser; 

obtaining a spectral measurement of a laser-stimulated 
emission (LSE) from the liquid; 

obtaining a temporal measurement of a LSE from the liq- io 
uid; and 

determining a characteristic of a fluorescent constituent in 
the liquid, the determining using information from the 
temporal measurement of the LSE to adjust the spectral 
measurement of the LSE. 15 

2. The method of claim 1, further comprising performing 
spectral deconvolution (SDC) analysis using the spectral 
measurement of the LSE, wherein the determining the char-
acteristic of the fluorescent constituent in the liquid includes 
using information from the temporal measurement ofthe LSE 20 

to adjust information from the SDC analysis. 
3. The method of claim 2, wherein the performing spectral 

deconvolution (SDC) analysis includes linear amplitude scal-
ing of discrete spectral components attributable to fluorescent 
constituents present in the liquid. 	 25 

4. The method of claim 2, wherein the determining a char-
acteristic of a fluorescent constituent includes using informa-
tion from the SDC analysis to adjust information from the 
temporal measurement. 

5. The method of claim 2, wherein the determining a char - 30 

acteristic of a fluorescent constituent includes: 
using information from the SDC analysis to calculate 

intensities of constituent-specific fluorescence spectra 
normalized to Raman scattering; and 

determining a quantitative assessment of a constituent - 35 

specific concentration in the liquid. 
6. The method of claim 1, wherein the stimulating a liquid 

includes stimulating a water volume, and wherein the deter- 
mining a characteristic of a fluorescent constituent includes 
assessing a chlorophyll-a concentration in the water volume. 40 

7. The method of claim 6, wherein the assessing a chloro-
phyll-a concentration includes: 

determining a best fit equation to a waveform indicative of 
a chlorophyll-a fluorescence induction corrected for a 
non-chlorophyll background emission, the equation 45 

including parameters representative of a maximum 
intensity of the chlorophyll fluorescence, an initial 
intensity of the chlorophyll fluorescence, and time; 

determining a magnitude of variable fluorescence by sub-
tracting the initial intensity of the chlorophyll fluores- 50 

cence from the maximum intensity of the chlorophyll 
fluorescence, and normalizing the result to the maxi-
mum intensity of the chlorophyll fluorescence; and 

using the magnitude of variable fluorescence to adjust 
information from the spectral measurement. 	 55 

8. The method of claim 7, wherein the using the magnitude 
of variable fluorescence to adjust information from the spec-
tral measurement includes normalizing information from the 
spectral measurement to the magnitude of variable fluores-
cence. 	 60 

9. The method of claim 1, wherein the determining a char-
acteristic of a fluorescent constituent includes assessing a 
chromophoric dissolved organic matter concentration in the 
liquid. 

10. The method of claim 1, wherein the stimulating a liquid 65 

includes stimulating a water volume, and wherein the deter-
mining a characteristic of a fluorescent constituent includes  

36 
assessing a phycobiliprotein, including phycoerythrin, pig-
ment concentration in the water volume. 

11. The method of claim 1, wherein the obtaining a tem-
poral measurement of the LSE from the liquid includes 
obtaining a temporal measurement of a LSE from the liquid in 
the spectral region of chlorophyll-a fluorescence. 

12. The method of claim 1, wherein the determining a 
characteristic of a fluorescent constituent includes assessing a 
photo-physiological status of photosynthesizing microorgan-
isms in the liquid. 

13. The method of claim 1, wherein the determining a 
characteristic of a fluorescent constituent includes minimiz-
ing or eliminating an effect of a non-chlorophyll background 
emission to improve accuracy of an assessment of a photo-
physiological status of phytoplankton based on the temporal 
measurement. 

14. The method of claim 1, wherein the stimulating the 
liquid using a laser includes using a laser configured to emit 
energy at wavelengths between 200 mn and 800 mu; and 

wherein the obtaining the spectral measurement includes 
obtaining a broadband spectral measurement over a por- 
tion of the LSE spectrum in response to the stimulating. 

15. The method of claim 1, wherein the obtaining a tem-
poral measurement includes obtaining a first waveform 
indicative of a time course of a LSE in the spectral area of 
chlorophyll-a fluorescence. 

16. The method of claim 15, wherein the determining a 
characteristic of a fluorescent constituent includes: 

determining a best fit equation to a second waveform using 
a biophysical modeling function, the second waveform 
determined using a magnitude of a non-chlorophyll 
background emission to adjust the first waveform; 

determining a magnitude of variable fluorescence using 
one or more parameters derived from the biophysical 
modeling function; and 

using the magnitude of variable fluorescence and informa-
tion from the spectral measurement to adjust a quantita-
tive assessment of chlorophyll-a fluorescence retrieved 
from a result of spectral deconvolution analysis of the 
spectral measurement of the LSE. 

17. The method of claim 15, wherein the determining a 
characteristic of a fluorescent constituent includes: 

determining a magnitude of a non-chlorophyll background 
emission in the first waveform using the spectral mea- 
surement; 

determining a second waveform indicative of chloro-
phyll-a fluorescence induction over time, the second 
waveform determined using the magnitude of the non-
chlorophyll background emission to adjust the first 
waveform; 

determining a magnitude of a variable fluorescence using 
the second waveform; and 

using the variable fluorescence to assess a photo-physi-
ological status of phytoplankton. 

18. The method of claim 17, wherein the determining the 
magnitude of the non-chlorophyll background emission 
includes: 

determining the LSE spectral intensity around a chloro-
phyll-a fluorescence peak using the spectral measure-
ment; 

determining a magnitude of a chlorophyll-a fluorescence 
band using spectral deconvolution analysis of the spec-
tral measurement of the LSE; 

obtaining an intensity of the non-chlorophyll fluorescence 
in the spectral measurement around the chlorophyll-a 
fluorescence peak by subtracting the magnitude of the 
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chlorophyll-a fluorescence from a portion of the spectral 
measurement around the chlorophyll-a fluorescence 
peak; 

calculating a ratio of the intensity of the non-chlorophyll 
fluorescence in the spectral measurement around the 
chlorophyll-a fluorescence peak to the magnitude of the 
chlorophyll-a fluorescence band; and 

determining the magnitude of the non-chlorophyll back-
ground emission using the ratio and the second wave-
form. 

19. The method of claim 18, wherein the determining a 
magnitude of a chlorophyll-a fluorescence band using spec-
tral deconvolution analysis includes fitting scaled amplitudes 
of discrete spectral components of fluorescent constituents to 
the spectral measurement. 

20. The method of claim 17, wherein using the variable 
fluorescence to assess a photo-physiological status of phy-
toplankton includes determining a best fit equation to the 
second waveform, the equation including parameters repre-
sentative of a maximum intensity of the chlorophyll fluores-
cence, an initial intensity of the chlorophyll fluorescence, and 
time. 

21. The method of claim 20, including determining the 
magnitude of a variable fluorescence by subtracting the initial 
intensity of the chlorophyll fluorescence from the maximum 
intensity of the chlorophyll fluorescence, and normalizing the 
result to the maximum intensity of the chlorophyll fluores-
cence. 

22. A system, comprising: 
• laser configured to stimulate a liquid; 
• first measurement circuit configured to obtain a spectral 

measurement of laser-stimulated emission (LSE) from 
the liquid; 

• second measurement circuit configured to obtain a tem-
poral measurement of a LSE time course from the liquid; 
and 

38 
a processor circuit, configured to control the first and sec-

ond measurement circuits, and configured to compute an 
assessment of a fluorescent substance in the liquid using 
information from the temporal measurement to adjust 

5 	the spectral measurement. 
23. The system of claim 22, wherein the processor circuit is 

configured to compute a non-chlorophyll background fluo-
rescence in the liquid to improve accuracy of the temporal 
measurement. 

10 	24. The system of claim 22, wherein the processor circuit is 
configured to perform spectral deconvolution analysis using 
information received from the first measurement circuit to 
determine a magnitude of a constituent-specific fluorescence 
band, the spectral deconvolution including fitting scaled 

15  amplitudes of discrete spectral components of fluorescent 
constituents to a portion of the information received from the 
first measurement circuit. 

25. A method, comprising: 
stimulating a water volume, which includes fluorescent 

20 	constituents, using a laser; 
obtaining a spectral measurement of laser-stimulated emis-

sion (LSE) from the water volume; 
obtaining a temporal measurement of a LSE from the water 

volume; 
25 	performing spectral deconvolution (SDC) analysis of the 

spectral measurement to assess individual fluorescent 
constituents, including pigments and organic matter; 

computing a photo-physiological status of phytoplankton 
using information from the temporal measurement to 

30 	improve accuracy of the spectral deconvolution (SDC) 
analysis; and 

computing a pigment concentration using information 
from the spectral deconvolution (SDC) analysis and the 
photo-physiological status information. 
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